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In 1906 I published a paper in which, incidentally, the question of the 
nature of the foramen of Magendie was discussed. I drew attention to the 
complete confirmation by Retzius, in his great work on the human brain in 
1896, of the genuineness of the foramen originally described by Magendie. In 
this he fully corroborated the detailed description of the foramen provided by 
Key & Retzius in 1875. I further directed attention to the important work 
of Blake, published in 1900. This author had been drawn onwards from a study 
of the morphology of the foramen of Magendie to that of the entire roof 
of the fourth ventricle. His account of previous studies of the foramen and 
of the caudal region ofthe roof of the ventricular cavity, is still, in my 
opinion, the most enlightening, illustrated, as it is, by the results of his study 
of the comparative anatomy of the ventricular roof. His own methods of 
investigation appear to have been adequate, judged by present standards of 
technique. His conclusions concerning the nature and mode of origin of the 
foramen of Magendie included the following, quoted by me in 1906: 

(4) That in Mammalia and Aves a caudal protrusion of the roof of the 
fourth ventricle is formed at some stage in their embryonic life. 

(5) That in Mammalia there is a tendency to the absorption of the ven- 
tricular epithelium unless it is supported by nervous matter or by the pia of 
neighbouring structures. 

(6) That in man the caudal protrusion becomes lost, giving rise to a 
metapore. 
(9) That in the lower Mammalia the caudal protrusion as a rule remains 
closed. 

Although Blake was the first to recognize and elucidate fully the real 
nature of the foramen of Magendie as the aperture of an actual saccular 
_ evagination of the ventricular cavity, he himself points out that several 
observers had recognized the resemblance of the foramen to a tubular 
aperture, e.g. Hoffmann, Rauber and Minot. 

In my own paper of 1906 I embodied a number of stereoscopic illustrations, 
which, in my view, entirely bore out Blake’s interpretation of the real character 
of the foramen. In this same connexion I devoted some attention to the 
configuration of the roof of the ventricle in its extreme caudal region and its 
relation to the obex, of which I recognized two types, distinguished as “true” 
and “false”, respectively; the latter being actually a pia-ependymal reflexion 
of the tela chorioidea inferior, at, and in such cases constituting, the caudal 
lip of the foramen of Magendice itself. 
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My own observations had been mainly concerned with the human adult. 
Blake, however, had examined the human foetal condition at the early part 
of the fifth month of foetal life. He figured a sagittal section through the fourth 
ventricle at that period which shows the dorso-caudal evagination, although 
its lining of ependymal epithelium had already in large part disappeared 
except at the neck of the sac. Comparison of this figure with his figures from 
other mammals left, in my opinion, little room for doubt of the validity of his 
interpretation of the nature of the developmental process involved, and 
consequently of the essential nature of the foramen of Magendie. 

The question of the foramen was again raised when Prof. Weed, in 1917, 
published his monograph on the development of the cerebrospinal spaces in 
the pig and man. In this important study he recognized, in quite early embryos 
of both of these types, a specialized differentiation of two circumscribed areas 
of theexpanded roof-plate of the rhombencephalon. These areas were character- 
ized by a special thinning of the ependymal epithelium. One of them was in 
the more rostral region of the roof of the ventricle. The other occupied a 
position in the triangular caudal area of the roof. He named them respectively, 
area membranacea superior and area membranacea inferior. He showed experi- 
mentally that both of these areas exhibit a special permeability to transudation 
of fluid. The superior area undergoes retrogression and becomes indistinguish- 
able at about the 20 mm. stage, in both pig and human embryos. The inferior 
area, on the other hand, continues to increase both in size and in functional 
importance and finally occupies the greater portion of what he calls the “ velum 
chorioidea inferior” (by which he obviously means the tela chorioidea inferior 
as indeed he names it elsewhere in his work—not the velum medullare inferior). 
He remarks that “these observations cannot solve the interesting question of 
a perforation of the ‘inferior velum’ to form the foramen of Magendie”’. 

In another part of the paper he explicitly discusses the problem of this 
foramen, recognizing that this is bound up with the question of the ultimate 
fate of his area membranacea inferior. He recapitulates the views of previous 
investigators on the subject and concludes that “the majority of investigators 
to-day incline to the belief that the roof of the fourth ventricle in man is 
perforated to form the median foramen of Magendie”’. In the course of his 
discussion he makes reference to Blake’s view of an “outpouching becoming 
more and more extensive in the older embryos”, and reports Blake as main- 
taining that “‘in man this pouch became sheared off at its neck, leaving the 
foramen of Magendie”’. I must point out that this is a slight misrepresentation 
of Blake’s statement. ‘‘Shearing off” at the neck is not a correct description 
of what Blake believed to occur, which was really an atrophy or absorption of 
most of the ependymal epithelium originally lining the whole of the saccular 
evagination of the roof of the ventricle. This is evident from Blake’s Fig. 26, 
already referred to. 

Weed does not venture to identify himself with any one opinion although 
he remarks that “‘in the larger part the views presented have been in favour 
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of the consideration of the true occurrence of the foramen of Magendie”’. He 
says that “even in the largest foetuses examined there was no evidence which 
indicated a breaking down or a shearing off of the inferior roof of the fourth 
ventricle”. But inasmuch as the largest foetus at his disposal, in which the 
histological condition was good enough, was one of only 52 mm. the negative 
evidence from it cannot outweigh the positive observations of Blake from 
foetuses of 125 and 130 mm. stages. 

To these observations of Blake I am now able to add the evidence of photo- 
graphs of the condition in the human foetus which, in my opinion, afford a 
convincing demonstration of the validity of Blake’s explanation of the nature 
and the manner of origin of the foramen of Magendie. 

The photographs illustrate transverse sections across the medulla oblongata 
and fourth ventricle of a foetus of 129 mm. C.R. length—i.e. of the fifth month 
period—of a stage identical with that of Blake’s Fig. 26. 

This foetus was obtained by operation and immediately after opening the 
amniotic sac it was injected with 10 per cent isotonic formalin solution. 

The head was then embedded in celloidin and after decalcification was cut 
in continuous series of alternate thick and thin sections in accordance with the 
technique devised by me to afford the most advantageous exploitation of 
series of sections of large embryos, for low-power examination of the thick 
sections, supplemented by high-power study of the alternate thin ones. 

Of this series I now figure three consecutive sections, two thin and the 
intermediate thick section. All three are reproduced at a magnification of 
approximately two diameters. 

Fig. 1 represents No. 36 in the group of sections in this region. It passes in 
front of the rostral margin of the foramen of Magendie. It affords an excellent 
view, in cross-section, of the tela chorioidea inferior with its paired chorioid 
plexuses. Dorsal to it is seen the roomy saccular cavity correctly described 
by Blake as a caudal or caudo-dorsal protrusion from the fourth ventricle as 
figured by him in his Fig. 26 in longitudinal median section. It is to be noted 
that at this stage this saccular cavity is clearly and entirely distinct from the 
numerous subarachnoid spaces surrounding the brain-stem, with which it 
will subsequently be incorporated by partial atrophy of its wall, thus becoming 
merged in the cisterna magna. 

Fig. 2 shows the next succeeding section, No. 37 of the group: it is one of 
the alternating thick sections. It just grazes the rostral margin of the foramen 
of Magendie close to the neck of the saccular ventricular diverticulum. (Note 
that since this section is one of the thick ones, a small strip of the ventricular 
floor is visible in the thickness of the section. Note also the bilateral widening 
of the ventricular cavity towards the basal portions of the lateral recesses. The 
hypophysis is seen ventrally to the median basilar cartilage.) 

Fig. 3 illustrates the next succeeding section, No. 38 of the group series. 
Like No. 36 it is a thin section. The plane of this section passes through the 
foramen of Magendie itself. One can see the reflexed margins of the aperture 
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continued dorsally to form the pia-ependymal wall of the saccular evagination 
of the ventricular cavity. The paramedian chorioid plexuses are seen turning 
dorsally, along with their ependymal covering, into the wall of the sac as a 
“trimming” which can be followed for a short distance, and which eventually, 
at later stages, will be found stranded upon the adjacent parts of the cerebellum. 
(On each side of the main ventricular cavity the dilated commencement of the 
lateral recess of the fourth ventricle is seen to be occupied by a portion of the 
lateral chorioid plexus.) 

Under high-power examination the ependymal lining of the ventricular 
roof can be traced as a layer of flattened cells into the lining of the very thin wall 
of the saccular diverticulum. But this is already undergoing atrophy and as 
this atrophic degeneration progresses, and considerable areas of the wall of the 
saccular cavity disappear, its cavity will become incorporated with the large 
subarachnoid cavities which are already apparent around it, so as to constitute 
the large subarachnoid cistern in this situation. But the neck of the saccular 
evagination will be preserved more or less completely as the adult foramen of 
Magendie, with the reflexed margins which I formerly demonstrated in the 
adult specimen (Figs. 12 and 13, 1906). 

The normal presence of such a foramen in the human adult has been 
generally, though not invariably, accepted for many decades and would seem 
in small need of further confirmation at so late a date as this. Nevertheless, 
that there still lingers some discrepancy of opinion on this question is indicated 
by the appearance in 1931 of a paper by Mr Lambert Rogers and Prof. West, 
under the title of “The foramen of Magendie”’. 

It was rather surprising to find that, in the face of the statistical contri- 
butions of Gustav Retzius and others, these authors should recognize, and 
designate as “‘a school of thought” on this problem, those who still consider the 
normal ‘adult ventricular roof as “completely closed”. The evidence to the 
contrary is overwhelming. 

But the attitude to the problem which Rogers and West take up is a peculiar 
one. So far are they from adherence to the “school of thought” to which they 
refer, that they only deny the existence of the foramen of Magendie in favour of 
their own thesis that the roof of the fourth ventricle in the normal adult is 
altogether absent over the lower or caudal portion of that cavity. The first of 
their numbered conclusions is that “‘there is no roof-plate to the lower part of 
the fourth ventricle, but this cavity is freely open to the cisterna magna and 
is here only covered in by the cerebellar tonsils”; their third conclusion is that 
“there is no relatively small and roughly circular, median aperture, as frequently 
depicted and regarded as the foramen of Magendie”. I would here remark that 
such terms as “relatively small”, “roughly circular”, “frequently depicted”, 

‘are not very precise or useful expressions. I would recall the fact that long ago 
Key & Retzius commented on the variability of the aperture they were describ- 
ing, both in shape and in size. They found it rounded or rounded-oval, or 
rhomboidal with rounded angles; in size, as 5 mm. broad and somewhat longer; 
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not seldom 6 mm. and, under tension, 8 mm. or even more. These characters 
are clearly shown in the two well-known figures from Gustav Retzius (Das 
Menschenhirn, 1896, Taf. XX XVIII, fig. 5 and Taf. XL, fig. 7) both of which 
are reproduced by Rogers & West, who expressly state that these figures 
“showed an opening such as we describe”. But it is clear that these illustrations 
are in fact quite typical examples of the foramen of Magendie, and they were 
so regarded by their author. So far as they are concerned it seems immaterial 
whether we describe such a hiatus in the roof as a foramen or a “roof defect”. — 

The second of the conclusions formulated by Rogers & West is that “the 
upper part of the lower half of the ventricle is closed above by the inferior 
medullary velum which varies somewhat in extent, but is usually narrow and 
makes a relatively small covering”. Again, in their conclusion 5, it is stated 
that “the opening extends roughly from the inferior medullary velum above 
to the obex below, ete.” It is clear from these statements that the authors have 
failed to distinguish between the inferior medullary velum and the tela chorioidea 
inferior. The former term is, of course, applicable only to that portion of the 
roof of the lower half of the fossa rhomboidalis which flanks the nodulus on 
either side (see Retzius’s Taf. XL, fig. 7, above referred to). It thus consists of a 
pair of delicate crescentic medullary laminae which extend caudaliy for only 
a few millimetres and are then continued onwards, not as a medullary velum, 
but as the pia-ependymal ventricular roof, the tela chorioidea inferior. The 
foramen of Magendie is an aperture of varying size in the lower, or caudal, 
triangular portion of this telar roof. It is true that when the foramen is tolerably 
large, its lateral margins may be not very far from the lateral taenial (ligular) 
attachments of the roof, which might thus be said to be “defective” in this 
region. Even then, however, the narrow lateral portions of the telar roof-plate 
may often be seen to be everted at the marginal rim of the foramen and to be 
continued dorsally for some distance, as was shown in the stereoscopic Figs. 12 
and 18 illustrating my 1906 paper. These figures show a typical foramen of 
Magendie, bounded caudally by a “false” or membranous obex; the everted, 
dorsally reflected, margins of the foramen are best seen in Fig. 13, where they 
have been put on the stretch by pinning outwards. 

It is to be noted that the tela chorioidea inferior normally extends for quite 
a considerable distance in front of the cranial margin of the foramen, roofing 
over the greater part of the lower half of the fossa rhomboidalis, before it 
becomes continuous with the inferior medullary velum on either side of the 
nodulus. The integrity of the tela chorioidea inferior, cranially to the foramen, 
is convincingly demonstrated in Fig. 6 of my 1906 paper, which shows a cross- 
section through the fourth ventricle with its intact telar roof. No one, I suggest, 
could look at this photograph of a cross-section of the adult human brain-stem 
and concur in the view of Rogers & West as to the absence of a ventricular roof 
to the caudal portion of the fossa rhomboidalis. 


be 
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EXPLANATION OF PLATE I 

Figs. 1-3. Photographs of transverse sections of hindbrain region of human foetus of fifth month: 
129 mm. C.R. length, magnification. x 2 approx.’ 

Fig. 1. Serial number of section 36: plane of section passes just in front of foramen of Magendie. 

Fig. 2. Serial number of section 37: this is one of the alternate thick sections; its nominal thickness 
is 0-25 mm., its plane of section just grazes the rostral lip of the foramen of Magendie. 

Fig. 3. Serial number of section 38; this section passes through the anterior part of the opening of 
the foramen of Magendie. 


For further details, see text. 
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SOME OBSERVATIONS ON THE MAJOR SUBDIVISIONS 
OF THE MARSUPIALIA 


WITH ESPECIAL REFERENCE TO THE POSITION OF THE 
PERAMELIDAE AND CAENOLESTIDAE 


By A. A. ABBIE, M.D., B.S., B.Sc. (Syp.1), Pu.D. (Lonp.) 
Department of Anatomy, University of Sydney 


"Tue real nature of the interrelationship between the two great groups of the 
Marsupialia remains, even yet, a matter of some dispute. While the vast 
majority belong very clearly to either the Polyprotodontia or the Diproto- 
dontia of Owen’s original classification, there remain various living forms—the 
bandicoots (Peramelidae) in Australasia and the Caenolestidae in South 
America, and some fossil forms of America and Europe—which exhibit such 
an intermixture of characters that their exact assignment to either group can- 
not be determined with any degree of certainty. Attempts have been made by 
many observers, e.g. Owen, Thomas, Leche, Bensley, Osborn, Osgood and 
others, to attain a solution to the problem—chiefly on the basis of dental 
characters—but so far no definite conclusion has emerged. More recently Wood 
Jones (1923) and Goodrich (1935) have tried to effect a solution on the basis of 
pedal characters, but under their scheme the polyprotodont Peramelidae 
become allied to the Diprotodontia, and it does not appear that this method 
provides any more certainty than that usually employed. To arrive at a more 
satisfactory conclusion it is essential to examine other characters which will be 
sufficiently unambiguous to weight the argument in favour of one or other 
method of classification. 

The purpose of this paper is to draw attention to a character which, 
although described over 30 years ago, has not hitherto received the attention 
it merits. Unfortunately, this character, which resides in the brain, cannot be 
determined in other than recent material, so is clearly of no value in the case of 
fossil remains; but it can be determined in such intermediate forms as the 
Peramelidae and Caenolestidae, and if these are correctly assigned at least one 
major problem in marsupial classification will be solved. Before proceeding 
further with the particular line of inquiry to be employed here it will be as well 
to examine very briefly those already in use, and to test their validity as well 
as may be. 

In the original classification by Owen, the Marsupialia were divided into 
Polyprotodontia and Diprotodontia according to whether they had many or 
few antemolar teeth. The Polyprotodontia are characterized by the possession 
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of three or four lower and four or five upper incisors, well-developed canines and 
usually three premolar teeth on each side. (Fig. 1 A illustrates the condition in 


Dasycercus cristicaudata, 1B that in 
Perameles nasuta.) Diprotodontism 
depends upon reduction of the ante- 
molar teeth so that the lower incisors 
number usually two or one on each 
side, the upper usually three. (In 
Phascolomys the incisors are reduced 
to one on each side in both jaws.) 
The surviving lower incisors enlarge 
and become markedly pro¢umbent. 
The canines and premolars become 
considerably reduced and eventually 
all except the last premolar on each 
side of both jaws disappear. (Fig. 1C 
represents an intermediate degree of 
reduction such as occurs in the 
phalanger, Trichosurus vulpecula.) 
Diprotodontism thus appears to 
have been derived from the more 
primitive polyprotodont condition. 
Some intermediate stages in re- 
duction have been described. In the 
Caenolestidae, while the antemolar 
teeth conform in actual number to 
the polyprotodont formula, the lower 
central incisors are considerably 
larger than the remainder, and are 
definitely procumbent. Hence Bens- 
ley (1908) and Osgood (1921) regard 
Caenolestes as representative of a 
group ancestral to the Diprotodontia. 
No teeth were found with the re- 
mains of the formerly anomalous 
Australasian fossil marsupial, Wyn- 
yardia bassiana, but the condition 
of the skull led Baldwin Spencer 
(1900) to group the animal with the 
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Fig. 1. Drawings to illustrate polyprotodontism 
and diprotodontism. A. Polyprotodontism in a 
didactylous marsupial, Dasycercus cristicaudata. 
x3. B. Polyprotodontism in a syndactylous 
marsupial, Perameles nasuta. x1. C. Dipro- 
todontism in a syndactylous marsupial, T'richo- 
surus vulpecula. x1. M, molars; P, premolars; 
C, canines; I, incisors. 


Polyprotodontia. Osgood, however, considered that it was more closely allied 
to the Diprotodontia and recently Wood Jones (1930) has shown very con- 
clusively that Wynyardia was definitely diprotodont and, moreover, closely 
allied to the Phalangeridae. Among other possible intermediate forms the 
American fossil, Myrmecoboides, was regarded by Osgood as a probable fore- 
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runner of the Diprotodontia. Bensley and Osgood point out that, starting 
with Caenolestes, a regular series, exhibiting progressive reduction in antemolar 
dentition, is illustrated by Acrobates, Distoechurus and Dromicia, and reaches 
an extreme in Phascolomys. Of this series*only Caenolestes is not definitely 
diprotodont so that its correct classification is a matter of importance. 

Although dental characters are usually accepted as the surest taxonomic 
index they must, since they depend upon diet, be conditioned by variations in 
external circumstance, and the evidence they present should be received with 
some reserve. The polyprotodont marsupials are chiefly insectivorous or carni- 
vorous in diet (the Peramelidae are described as omnivorous) while the Dipro- 
todontia are herbivorous. Similar dental modifications occur commonly 
amongst the Eutheria, e.g. diprotodontism is found in living insectivores, 
edentates, rodents, bats and some lemuroids (Osgood). Moreover, the persis- 
tently growing incisors in Phascolomys closely parallel those in the rodents and 
in some lemurs (e.g. the fossil Stehlinella and the modern Chiromys [vide Le 
Gros Clark, 1984, Fig. 12 and p. 84]). It is clear, then, that dentition alone 
cannot supply a clear-cut basis for classification. 

The other factor consulted in classification of the marsupials is the condition 
of the pes. In one group the digits of the pes are all independent, constituting 
the condition of didactyly; in the other the second and third digits are united 
so that only the tips and claws are free: this is syndactyly. The groups so dif- 
ferentiated are called the Didactyla and the Syndactyla respectively by Wood 
Jones (1923) who regards this subdivision as more fundamental than that into 
Polyprotodontia and Diprotodontia. The Didactyla include most of the poly- 
protodont marsupials, the Syndactyla all the diprotodont. The remaining 
Polyprotodonts, the Peramelidae, belong to the Syndactyla. (Fig. 2A illus- 
trates the didactyly of a typical Polyprotodont, Dasycercus cristicaudata; 2B 
the syndactyly of a peramelid, Perameles nasuta; 2C the syndactyly of a 
diprotodont, T'richosurus vulpecula.) Clearly another character is required to 
assess correctly the status of the Peramelidae. All American marsupials 
hitherto discovered, including the pseudo-diprotodont Caenolestidae, are 
didactylous. 

Prof. Wood Jones states (1923, pp. 82-3) that since no didactylous dipro- 
todonts have been discovered, the ancestors of the Diprotodontia must already 
have been syndactylous; therefore the separation into Didactyla and Syndactyla 
must have preceded the rise of diprotodontism, and must be the more profound 
modification. Were marsupials confined to Australasia the argument would be 
faultless, but it has been shown that Caenolestes has approached diprotodontism 
without sacrifice of its didactyly, and there is no certainty that other American 
Didactyla, exhibiting even more clearly early manifestations of diprotodontism, 
may not be found. For it would appear that the marsupial stock arose outside 
Australasia, and certainly the fossil evidence at present available supports the 
view that separation into Polyprotodontia and Diprotodontia was already well 
established before the invasion of that continent. 
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According to Wood Jones the conjoined digits in the pes of the Syndactyla 
are employed as a natural comb for the fur much in the same way as are the 


modified lower incisors and canines 
in the lemurs. Considering the 
common hereditary urge in the 
marsupials there seems no reason 
why a group of polyprotodonts— 
the Peramelidae—should not have 
mimicked the Diprotodontia in 
the development of this luxury, 
especially when it is remembered 
that such a totally unrelated animal 
as Tarsius displays the first stages 
of a similar specialization of its 
second and third pedal digits for 
the same purpose (Wood Jones, 
1929, p. 168). 

On this view, then, syndactyly 
in the Peramelidae is an example 
of convergent evolution. Such paral- 
lelism is no more extraordinary 
than the peculiar combined pseudo- 
artiodactylism of the forefeet and 
pseudo-perissodactylism of the 
hindfeet exhibited by another 
peramelid, Choeropus castanotis, or 
the similarity of fusion of the 
hindlimbs in the Cetacea and Pin- 
nipedia. It would appear that the 
evidence of the pes, like that of 
the teeth, must be regarded with 
suspicion, for both merely reveal 
that similar circumstances may 
suffice to procure similar structural 
modifications in widely diverse 
groups of animals. 

The criterion to be discussed in 


Fig. 2. Drawings of the left pes to illustrate 
didactyly and syndactyly. A. Didactyly in a 
polyprotodont, Dasycercus cristicaudata. x2. 
B. Syndactyly in a polyprotodont, Perameles 
nasuta, x1. C. Syndactyly in a diprotodont, 
Trichosurus vulpecula. x 1. The numerals indicate 
the digits. Note the fusion of the second and 
third digits in B and C. 


this paper depends upon the condition of the anterior commissure in the brains 
in marsupials. On this basis the Marsupialia are again separated into two 
groups: in the one the anterior commissure passes wholly to the external 
capsule in the usual fashion, in the other it contains an extra band of fibres 
which leaves the main body of the commissure to enter the internal capsule. 
Provisionally, the former group may be referred to as the Simplicicom- 
missurala, the latter as the Duplicicommissurala. The extra bundle of fibres, 
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which. occupies the dorsal portion of the commissure (Fig. 3D, E and F), 
was called the fasciculus aberrans by Elliot Smith (1902a, b) who showed that 


Fig. 3. Drawings of sections through the anterior commissure of the brain to illustrate simplici- 
commissuralism and duplicicommissuralism. A. The simple commissure in a didactylous poly- 
protodont, Dasycercus cristicaudata, x3. B. The simple commissure in a syndactylous poly- 
protodont, Perameles nasuta, x2. C. The simple commissure in another syndactylous poly- 
protodont, Thalacomyslagotis. x2. D.Theduplex commissure in asyndactylous diprotodont, 
Trichosurus vulpecula. x2. E. The duplex commissure in a syndactylous diprotodont, 
Macropus sp. x1}. F. The duplex commissure in a syndactylous diprotodont, Phascolomys 
mitchelli. x1. c.a. anterior commissure, c.e. external capsule, c.f. fornix commissure, c.i. in- 
ternal capsule, f.a. fasciculus aberrans, f.r. rhinal fissure. A, C and E are unstained, B, D and 
F are stained according to the Weigert-Pal method and counterstained with paracarmine. 


it is characteristic for the Diprotodontia but never occurs in the Poly- 
protodontia or any other mammals. Although illustrated by Flower (1865), 
Symington (1892) and Ziehen (1897), the fasciculus was not fully investigated 
until Elliot Smith described it. 
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The existence of the fasciculus has been demonstrated in Macropus and 
Phascolomys (Flower,) Macropus (Symington), Trichosurus vulpecula (Elliot 
Smith), Macropus, Aeprymnus and Phascolarctus (Ziehen) and in Macropus, 
Halmaturus, Hypsiprymnus, Dendrolagus, Petaurus, Phascolarctus and Phasco- 
lomys (Elliot Smith, 1902 a and b). It is illustrated in Fig. 3 in T'rrichosurus 
vulpecula (D), Macropus sp. (E) and Phascolomys mitchelli (F). 

In no Polyprotodont, not even in the large-brained Thylacinus (Elliot 
Smith), has any trace of the fasciculus been discovered. The brains examined 
include those of Thylacinus (Flower), Perameles, Sarcophilus, Dasyurus, 
Sminthopsis, Didelphysis, Myrmecobius, Notoryctes and Thylacinus (Elliot 
Smith, 1902b), Caenolestes obscurus (Obenchain, 1925) and Dasycercus cristi- 
caudata, Perameles nasuta and Thalacomys lagotis (another Peramelid) in this 
paper. Fig. 3 (A, B and C) illustrates sections through the brains of these 
animals; in none is there any trace of a fasciculus aberrans. 

It will be noted that the presence or absence of the fasciculus is precisely 
related to diprotodontism and polyprotodontism in the marsupials. Further, 

_ the Peramelidae (Perameles and Thalacomys), which exhibit syndactyly asso- 
ciated with their polyprotodontism are at once aligned with the remaining 
polyprotodonts and sharply differentiated from the other syndactylous mar- 
supials—the Diprotodontia. Caenolestes, despite its aberrant dentition, is 
similarly seen to have its affinities with the Polyprotodontia as Obenchain 
(1925) has already pointed out. 

According to Elliot Smith (1902) the fasciculus provides for the growing 
neopallium more adequate commissural connexions. In the Eutheria this pro- 
vision was made by the development of a corpus callosum in the dorsal com- 
missure; this was followed by great expansion of both the cerebral hemispheres 
and their commissural connexions. 

Thus the difference between the marsupial brains which have and which do 
not have a fasciculus aberrans is a profound one, and its development is im- 
portant in the history of cerebral evolution. From Order to Order amongst the 
Eutheria the brain shows no such important distinction as that which serves 
to differentiate these two groups of marsupials. Since the anterior commissure 
has maintained its primitive character indifferent alike to the adoption of 
syndactyly by the polyprotodont Peramelidae, and of pseudo-diprodontism by 
the didactylous Caenolestidae, it has not been readily influenced by variations 
in habit and environment. 

Since Wynyardia is definitely shown to be diprotodont, no fossil remains 
hitherto discovered in Australasia have presented any difficulty in their 
assignment to either the Polyprotodontia or the Diprotodontia; and since the 
fossil diprotodonts were as clearly differentiated as are the recent, it seems 
reasonable to assume that they, too, conformed to the diprotodont standard in 
the development of a fasciculus aberrans.. If this is so the cerebral distinction 
must be a very ancient one, probably established at the base of the marsupial 
ancestral tree, and possibly before the marsupials invaded Australasia. 
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The validity of the employment of this cerebral character as a taxonomic 
criterion may be regarded as fairly well established, but there are obvious 
limitations to its application. First, the distinction cannot be determined in 
fossil remains, and, secondly, its determination entails damage to the skull for 
its access. Apart from this, however, the method may be employed in any 
recent marsupial since the distinction is as readily drawn in fresh material as in 
old, whether stained or not. And the distinction is of the utmost value since it 
supplies an immediate answer when external characters present conflicting 
evidence, and being of an unequivocal nature allows no place for difference of 
opinion. 

Thus, on the view adopted here, the Peramelidae and Caenolestidae are 
essentially Polyprotodonts, and syndactyly in the one and pseudo-diproto- 
dontism in the other are merely results of convergence in evolution, reflecting 
the play of environment and circumstance upon similar organizations. 


SUMMARY 


1. The presence of a fasciculus aberrans in the anterior commissure of the 
brain in Diprotodontia, and its absence in the Polyprotodontia provides an 
exact distinction between the two great groups of marsupials. 

2. In the vast majority of cases the state of the dentition constitutes an 
accurate guide to the condition of the anterior commissure. The teeth, there- 
fore, supply the most valuable external feature upon which to base any classi- 
fication of the Marsupialia, but the condition of the pes does not present such a 
fundamental criterion. 

3. The condition of the anterior commissure is the surest guide if doubt 
arises in the examination of recent material. 

4. Those living marsupials of equivocal status as regards dental and pedal 
characters—the Caenolestidae and Peramelidae—must, in view of their lack of 
a fasciculus aberrans, be assigned to the Polyprotodontia. 
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COR BILOCULARE, WITH A NOTE ON THE 
DEVELOPMENT OF THE PULMONARY VEINS 


By F. DAVIES anp M. A. MacCONAILL 


From the Department of Anatomy, University of Sheffield 


‘Tue heart was taken from a boy 4 days old born in a state of blue asphyxia. 
The post-mortem examination showed no abnormalities of development other 
than those of the heart. We are indebted to Dr J. Clark, F.R.C.P. and Dr S. W. 
Wright, of the City General Hospital, Sheffield, for presenting the specimen to 
this department. 


EXTERNAL APPEARANCE 
(Figs. 1 and 2) 


The heart presents a large right atrium with appendix and a small left 
auricular appendix. The ventricular region shows no external evidence of 
division into right and left chambers. The infundibular region, however, is 
clearly marked and from it there proceeds a large arterial stem which gives off 
all the systemic arteries except the coronary arteries. In addition, a short 
distance from its commencement it gives off its posterior wall the right and 
left pulmonary arteries. A slender arterial channel, 2 mm. in diameter, passes 
downwards to the base of the ventricular region, behind the main arterial 
stem (Fig. 2). Here it ended blindly. Fluid injected downwards into it passed 
freely into the coronary arteries which arose near its lower end: but none 
passed into the ventricle. The floor of this channel is formed by three cushion- 
like projections from the wall of the vessel which correspond in position with 
the cusps of a normal aortic valve. The Y-shaped depression between the 
cushions is filled in below by a plate of tissue 1 mm. in thickness. The coronary 
arteries arose as normally from small sinuses of Valsalva. We identify the slender 
vessel as an ill-developed ascending aorta, cut off from the ventricle and serving 
merely as a feeder for the coronary circulation. The upper part of this aorta 
had been removed before we received the heart so that we were unable to 
determine its precise upper connexion. 

Blake (1900) described a similar arrangement of diminutive ascending aorta 
with atresia of the aortic orifice. In his case the pulmonary arterial stem con- 
tinued directly by means of a large ductus arteriosus into the descending aorta, 
while the diminutive ascending aorta arose from the lower aspect of the right 
end of a common brachio-cephalic trunk, which in its turn represented the 
transverse part of the arch of the aorta. Blake noted the reversal of blood flow 
in the ascending aorta, whose sole function, as in our case, was to feed the 
coronary arteries. 

1 This paper was read before the Anatomical Society at its Summer Meeting, June 1936. 
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Fig. 1. Heart viewed from in front. 
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Fig. 2. Heart viewed from behind. 
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In our specimen we identify the arterial trunk continued from the infundi- 
bulum as the pulmonary stem as far as the origin of the right and left pulmonary 
arteries. Between the latter point and the origin of the systemic arteries the 
vessel probably represents an enlarged ductus arteriosus. Beyond the origin 
of the systemic arteries the vessel continued as descending aorta. 

The terminal parts of the great veins have an unusual arrangement. The 
right superior vena cava is of small diameter; the coronary sinus is large and is 
continuous with a left superior vena cava. Between the sites of entrance of 
these veins is a sac, the wall of which is continuous with part of the dorsal 
wall of the atrium. The inferior vena cava enters this sac below and to the left, 
and an upper and a lower pulmonary vein enter it above and to the right. On 
opening the sac from behind it is found to be bounded in front by a vertical 
septum-like fold and to communicate with the right atrial cavity by a slit to 
the left side of the fold, and with the cavity of the left auricular appendix 
through a smaller opening. The nature of this sac and of the septum-like fold 
will be considered at a later stage. 


THE INTERIOR OF THE HEART 
(Fig. 3) 

The heart shows an apparently single atrium and ventricle separated by a 
well-marked annular ridge, from which arose an atrio-ventricular valve of three 
cusps. The left auricular appendix is present so that the heart is essentially 
bi-atrial. A rudimentary septum inferius is also present, so that the heart is 
essentially, but very incompletely, biventricular. The heart is thus physio- 
logically bilocular but morphologically quadrilocular. 


Atrial region 

The atrial chamber receives the openings of the right superior vena cava and 
coronary sinus and, between them, the slit-like opening of the sac which has 
been seen to take the terminations of the pulmonary and inferior caval veins. 
A large thick trabeculum lies between the opening of the sac and the right 
superior cava. The right boundary of the opening into the sac is formed by a 
projecting fold which passes upwards to bound the right and upper parts of the 
superior caval opening, and downwards to fuse with the upper part of the 
valve of the coronary sinus. We identified this fold as a persistent and enlarged 
right sinus valve; and confirmed our identification by histological examination 
of its structure as described later. The sac is a smooth-walled cavity, divided 
into an anterior and a posterior part by a low, sharp ridge which extends across 
its floor from right to left, just in front of the termination of the inferior vena 
cava, and blends with the base of the right sinus valve. The opening of the left 
auricular appendix is anterior to it. The relations of the atrial sac to the right 
venous valve, and the presence of the ridge in its floor lead us to identify it as a 
persistent part of the sinus venosus (behind and above the ridge) and common 
auricular chamber (in front of the ridge), and we have, therefore, to record a 
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persistence of separate sinus venosus with the pulmonary veins and inferior 
vena cava opening into it. There is no trace of either septum primum or septum 
secundum. The atrial cavity thus comprises three parts: (1) a middle or com- 
mon auricle, which lies anterior to the ridge in the floor of the atrial sac and 
between the right sinus valve on the right side, and the opening of the left 
auricular appendix on the left; (2) the right atrial cavity and appendix; and 
(3) the left auricle, represented by the auricular appendix, which has the usual 
spongy structure. 


Fig. 3. Interior of heart—dissected from in front. 


Ventricular region 


The walls of the ventricular chamber are heavily trabeculated. The wide, 
single atrio-ventricular orifice is guarded by a valve of three complete cusps, 
which resemble the tricuspid valve of the normal right ventricle in their topo- 
graphical position. The cusp analogous to a septal cusp springs from that part 
of the atrio-ventricular limbus which lies below and to the left of the opening of 
the coronary sinus. It is large, and both it and the analogue of the normal 
anterior (infundibular) cusp receive chordae tendineae from a papillary muscle, 
which arises from a prominent fleshy ridge on the dorsal and inferior aspects of 
the ventricular wall. We shall adduce evidence later to show that the fleshy 
ridge is a rudimentary septum inferius. On the ventricular aspect of the sub- 
coronary cusp, and between it and the septum inferius, there is a small space, 
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open below and closed above. The slender ascending aorta comes down to a 
point just above the blind end of this space, which may thus be identified as the 
locus of the aortic vestibule. The large arterial stem (pulmonary stem) lies 
above and to the left of the septum inferius and the papillary muscle which 
springs from it. The junction between this artery and the ventricle is guarded 
by a fully developed semilunar valve of three cusps, each cusp being opposite a 
well-defined sinus of Valsalva. The cusps have the same topographical dis- 
position as those of the normal pulmonary stem. The right and left pulmonary 
arteries open from the posterior wall of the pulmonary stem; the right artery 
arising at a lower level than the left. The right pulmonary vein enters the heart 
at a lower level than the left. The right lung bud descends to a lower level than 
the left in its early stages, and the pulmonary vessels collectively thus show 
some retention of their early ontogenetic relationships. 


THE CONDUCTING SYSTEM 


Histological examination of blocks removed from various sites resulted in 
evidence which corroborated the previous conclusions which we had reached 
concerning the morphology of the appropriate regions. Typical sinu-atrial nodal 
tissue was observed in the fold on the right side of the right superior vena cava, 
and in the upper part of the fold on the right side of the entry of the sae which 


received the pulmonary veins and inferior vena cava. This was taken as indi- 
cating that the fold which continued down from the right side of the opening 
of the right superior vena cava, on the right of the sac and thence on the right 
of the opening of the coronary sinus, is the right sinus valve. No nodal tissue 
was found in the muscular band to the left of the opening of the sac. 

The atrio-ventricular node was found to the left of the opening of the 
coronary sinus, at the junction of atrial and ventricular walls, and beneath the 
base of the “septal” (posterior) cusp of the atrio-ventricular valve. Distally 
the atrio-ventricular node continued into the atrio-ventricular bundle, which 
ran in the muscle ridge previously suspected to be the abortive septum inferius. 
Beneath the “septal papillary muscle” which projected from the ridge the 
atrio-ventricular bundle divided into right and left limbs, which coursed distally 
on either side of the septum inferius and at its lower part spread out beneath 
the endocardium. The right limb has its typical round form and the left its 
flattened appearance. These facts corroborate the opinion that the muscle ridge 
is the septum inferius, the atrio-ventricular bundle, as normally, at its bifur- 
cation straddling the upper border of the septum. 

The disposition of the conducting system makes it clear that the abnor- 
malities of this heart are pure defects in development. Of the three distal septa 
(aortico-pulmonary, distal bulbar, and proximal bulbar) the aortico-pulmonary 
and distal bulbar septa have developed normally; so that the aorta and pul- 
monary artery have been normally formed from the common primitive trunk. 
The proximal bulbar septum, however, has failed to form. The anlagen of the 
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aortic semilunar cusps, although formed in their correct positions, have fused 
together, thus cutting off the aorta from the bulbo-ventricular cavity. The 
ventricular septum (septum inferius) has lagged behind in development. The 
auriculo-ventricular canal has remained undivided. The presence of three 
cusps has, we think, no special significance; for cases of bilocular heart may 
show from two to five cusps in the atrio-ventricular valve (Wood & Williams, 
1928). 


THE DEVELOPMENT OF THE PULMONARY VEINS 


The atrial abnormalities of this heart are explained by reference to the 
early developmental stages of the pulmonary vein. This vein is generally 
described to be present as a single vessel—common pulmonary vein—in human 
embryos of 5 mm. greatest length, and in other mammalian embryos at cor- 
responding stages of intra-uterine development. The earlier stages are less well 
known. Flint (1906) concluded that the vein (pig) is an outgrowth from the 
sinus venosus, which establishes communication with the vascular plexuses of 
the embryonic lungs. Brown (1913) holds that the pulmonary vein (cat) is 
merely a specialized part of the pre-splanchnic venous plexus which opens into 
the dorsal part of the sinus venosus. Buell’s results (1922) combine those ‘of 
Flint and Brown. On the one hand, he describes the common pulmonary vein 
(chick) to be formed from angioblastic cells which grow out from the dorsal wall 
of the sinus venosus. On the other hand, he describes the four pulmonary veins 
of the adult form to arise as part of an angioblastic splanchnic plexus. The 
angioblasts of both the common pulmonary and the four definitive pulmonary 

-veins undergo a central liquefaction, and fuse to form a common pulmonary 
vein with four ultimate tributaries. The position of the opening of the vein on 
the dorsal wall of the sinus. is primarily central (Flint, 1906; Brown, 1913; 
Fedorow, 1908, 1910; Bremer, 1928); although Tandler (1912) first describes it 
to be in the left atrium, and Spitzer (1923) makes it enter a chamber (pulmonary 
sinus) distal to the sinus venosus and to its left side—essentially the left atrium. 
It seems to us that one factor in the division of the sinu-atrial region into right 
and left chambers has not received due recognition: namely, the active part 
played by the common pulmonary vein itself in the process. It is with this 
factor that the present observations are particularly concerned. 

A human embryo of 4-5-5-0 mm. greatest length shows the common pul- 
monary vein as a wide channel entering the heart at the dorsal wall of the 
auricular region in the median plane. This entrance was 60 above, and to the 
left side of, the most cranial part of the right sinus valve. There is no left sinus 
valve in this embryo: that is, the dorsal wall of the middle part of the sinus 
venosus is completely continuous with the dorsal wall of the middle part of the 
auricular region. An auricular septum (septum primum) is present in the dorsal 
and cranial parts of the auricular wall. Its caudal extremity is at the cranial 
part of the right of the pulmonary vein. The right wall of the pulmonary vein is 
definitely invaginated into the cavity of the common auricle, forming a pul- 
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monary fold. This fold is not the septum primum, but is a distinct formation to 
the left side of it. The cranial extremity of the pulmonary fold is fused with the 
left side of the septum primum which extends caudally along the left side of the 
upper third of the pulmonary fold. We believe that this pulmonary fold is 
homologous with the pulmonary fold described by Robertson (1914) in the 
embryonic heart of Lepidosiren, and that it plays a similar part in the separation 
of the auricular chambers. The right wall of the pulmonary vein of Lepidosiren 
elongates, invaginates the sinus, and makes its way across the cardiac cavity to 
the anterior endocardial cushion. Cranial to it is the septum primum, caudal to 
it is the cranial surface of the cushion. It fuses with both, thus playing an 
active part in such separation of the 
right and left atria as is effected in 
this animal. Since the right wall is 
elongated it follows that the opening 
of the vein becomes directed to the 
left, that is, the vein determines its 
own opening into the left atrium. In 
short, the atrial septum of Lepi- 
dosiren consists of three elements: 
the septum primum, the pulmonary 
fold, and the anterior endocardial 
cushion; and of these three, the pul- 
monary fold alone is operative in 
directing the pulmonary blood to the 
left side of the heart. Chun Chang 
(1931) has similarly described an 
endothelial fold at the right side of 
the pulmonary vein (in the chick) fig. 4, Interior of auricular region of heart of 
as an essential constituent of the human embryo, 4-5-5-0 mm. greatest length, 
inter-atrial septum. Buell (1922) has _ viewed from below, based on contour recon- 
described in the chick embryo an “™Uction. 

elongation (and thickening) of the 

right wall of the common pulmonary vein (stage of 50 hours’ incubation). Both 
Brown and Buell identified this fold with the left valve of the sinus venosus: 
whereas Fedorow thought it a part of the auricular floor. In view of the fact 
that the left sinus valve fuses with the right side of the atrial septum, and that 
the pulmonary fold, as we describe it, is on the left side of the septum primum 
and fuses with it on that side, we hold that the left sinus valve is a distinct 
structure from the pulmonary fold. It seems in fact to differ in its degree of 
development in different groups of vertebrates; and it is definitely absent 
(Robertson, 1914) in Lepidosiren, in which the pulmonary fold makes its first 
appearance. The part the pulmonary fold takes in determining the ultimate 
topography of the atrial region is made clear by reference to a still earlier stage 
of human development. 
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In a human embryo of 2-2 mm. greatest length we observed a channel, 
lined by endothelioid cells, running obliquely caudally in the dorsal meso- 
cardium, from the ventral pharyngeal wall to the dorsal wall of the sinus 
venosus. It invaginates the sinus venosus in the median plane, just proximal 
to the sites of entrance of the omphalo-mesenteric veins. We did not find it 
opening into the sinus; but, to reach the wall of the sinus, it turned quite 
sharply forwards, as was confirmed by a wax-plate reconstruction of the region 
(at 150 diameters); and its lower part contained a few nucleated blood cor- 
puscles. The definitely tubular nature of this channel, the direction of its 
course, and the presence of blood cells, differentiate it from the simple meso- 
cardial cysts described by Davis (1927). In its position it corresponds to the 
anlage of the common pulmonary vein as described by Robertson in Lepido- 
siren, and by Buell in the chick (8 hours’ incubation); and by Brown in the cat, 
and by Flint in the pig, under the name of “ cranial splanchnic tap”. Accordingly 
we identify this endothelioid channel as the primitive common pulmonary vein; 
and record that it is related at its termination to the dorsal wall of the sinus 
venosus in the median plane, cranial to the level at which the omphalo- 
mesenteric veins enter the heart. It is, then, morphologically a median (cranial) 
splanchnic vein, as Brown maintained; and it shares this relationship with the 
vitello-umbilical veins, which are, collectively, its caudal counterpart. The 
three veins are primarily related to the middle part (or body) of the sinus 
venosus; and this relation is emphasized as the right and left horns of the sinus 
enlarge. The transference of the opening of the pulmonary vein to the left 
atrium is then the work of the pulmonary fold. Should this not form and a 
partial atrial septum (septum primum) be present, then the vein (or its tri- 
butaries) may appear as opening wholly or partly into the right atrium; as has 
been described by Rokitansky (1875) and others: these cases are, of course, to 
be distinguished from such a case as that cited by Spitzer (1928) in which an 
abnormal septal formation took place within the left atrium to the left of the 
opening of the pulmonary veins. In the present case both septum primum and 
pulmonary fold have failed to develop; the common pulmonary vein has been 
absorbed into the wall of the middle part of the sinus, and is represented by 
that part of the wall of the sac immediately posterior to the middle part of the 
right sinus valve; this part of the cavity of the sac may properly be called the 
pulmonary sinus. The right and left horns of the sinus have been cut off from 
the middle part by sinus septa (limbic bands) and are represented by the 
openings of the superior vena cava and coronary sinus respectively; and the 
inferior vena cava (omphalo-mesenteric element) has retained its primitive 
morphological position as the caudal of the two splanchnic taps which open 
into the middle part of the sinus venosus on its dorsal wall. 
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DISCUSSION 


This case appears to be unique. No parallel instance appears in the 
cases described by Rokitansky (1875), Symington (1900), Paterson (1909), 
Keith (1909), Walmsley (1929). Spitzer (1923), Abbott (1931), or Bredt (1935). 
Ratner et al. (1921) describe a case of dextrocardia in which the ventricles are 
fully separated, but the atrial septum is completely absent. In this case, 
although there is a transposition of the ventricles, yet the superior and inferior 
caval veins open into the right side of the atrial chamber, and the four pul- 
monary veins open to the left of the caval veins. The two right pulmonary 
veins enter the heart to the right side of the median plane, and the other two 
open to the left of it. The superior vena cava opens into a dilated chamber 
which in turn enters the atrium, and which Huntington identified as a per- 
sistent part of the right omphalo-mesenteric vein. It is, then, a sac of quite a 
different nature from that which we have described; and the same remark 
applies to the sac described by Zimmermann (1934)—a simple diverticulum of 
the atrium. The several deficiencies in development in our case combine to give _ 
a picture of an extremely primitive heart. This heart, however, has its own 
specializations. Walmsley (1931) has already stressed the potential indepen- 
dence of the bulbo-ventricular from the other parts of the cardiac tube with 
respect to its development. The expulsive parts of the heart we have described 
illustrate this independence in the case of their formations. We wish to draw 
attention to a similar independence of the process of incorporation of the stem 
of the pulmonary vein into the wall of the sinus venosus, and the process of 
formation of that essential element of the complete atrial septum to which we 
have applied the name “pulmonary fold”. In our case the latter process has 
failed to take place, but the former has occurred. Such an independence is 
understandable upon the postulate that quite different mechanisms are re- 
sponsible for the two phenomena: namely, that the formation of the pulmonary 
fold is a property of the developing tissue as such (and may be suppressed); 
while the widening of the ostium venosum pulmonale, which results in the 
incorporation of the venous stem in the wall of the atrium, is perhaps a purely 
physical response to the back pressure of the blood. Bremer (1928) has already 
indicated how dependent is the normal course of development of the heart 
upon a balance of the morphological and physical properties of the cardiac 
tube. 


SUMMARY 


1. A case of congenital abnormality of the heart is described in which there 
is complete absence of atrial septa and of the proximal bulbar septum. The 
septum inferius is rudimentary. There is atresia of the aortic orifice and only 
the coronary arteries arise from the diminutive ascending aorta. 

2. A small right, and a large left, superior vena cava open into the right 
part of the atrium. The sinus venosus has been incompletely absorbed and the 
inferior vena cava and the two pulmonary veins open into it. 
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8. Histological study of the conducting system verifies the conclusions 
arrived at concerning the morphology of the different parts of the heart. 

4. The early stages in the development of the common pulmonary vein in 
man are examined and attention is drawn to the active part played by the 
pulmonary fold in the separation of the right and left parts of the primitive 
atrium. 


We wish to express our thanks to our technical assistant Mr J. T. A. Hall 
for help with the section-cutting and photography which this work has entailed. 
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Ascending aorta. F. Pulmonary fold. 

Entry to aortic vestibule. Vs Pulmonary vein. 

Atrio-ventricular canal. : Ridge in floor of sinus venosus. 

Bulbus cordis A, Right atrium. 

Coronary sinus. -P.A. Right pulmonary artery. 

Infundibulum. .P.V. Right pulmonary vein. 

Inferior vena cava. S.V. Right sinus valve. 

Left atrium. -S.V.C. Right superior vena cava. 

Left auricular appendix. Entry of sac (which receives inferior 

Left pulmonary artery. vena cava and pulmonary veins). 

Left pulmonary vein. ~B. Systemic branch (of arterial stem). 
. Left superior vena cava. J, Septum inferius. 

Opening of left auricle into sac. RP. Septum primum. 

Opening of right auricle into sac. -P.M. Septal papillary muscle. 

Pulmonary artery (stem). WV. Sinus venosus. 


AA. 
A.V. 
A.V.C. 
BC. 
CS. 
| 
I.V.C. 
L.A. | 
L.Ap. 
L.P.A. 
L.P.V. 
O.L.A. 
O.R.A. 


THE COURSE OF FIBRES IN THE DORSAL 
NERVE ROOTS OF MACACA MULATTA, THE 
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In spite of much investigation (see Hinsey, 1933), two controversial issues 
regarding the course of fibres in the dorsal roots still remain unsettled: 

(1) Whether or not the roots transmit any efferent fibres, as has been stated 
recently by Kuré et al. (1928, 1938) and Okelberry (1935) (working on dogs), 
Kahr & Sheehan (1933) and Matthews (1934) (cats), and Gagel (19304, 5) 
(Macaca and man). Among those who oppose this view are Ranson (1929), 
Tower (1931) and Hinsey (1934). 

(2) Whether or not the dorsal roots contain—as originally suggested by 
Lugaro (1906)—collaterals of fibres of the posterior columns. Barron & 
Matthews (1935), who have revived this view, claim that up to 32 per cent of 
fibres may remain intact in the central stump of a single dorsal rootlet severed 
central to the ganglion. They also suggest that many of the differences of 
opinion expressed in the literature of the subject would be understandable if 
there were dorsal root fibres which did in fact have their cell bodies in spinal 
ganglia other than that of the root in which they emerge. 

Degeneration studies have formed the basis for most statements on these 
problems, and much of the conflict of evidence undoubtedly comes from a too 
easy faith in the reliability of these methods. Possible lines of enquiry after 
division of a dorsal root central to the ganglion are: 

(1) Search for degenerating fibres in the peripheral stumps (e.g. Kahr & 
Sheehan, 1933). Here two possible sources of error exist; first, the unreliability 
of the usual Marchi methods, and second, the danger that some fibres of the 
ventral root may have been injured at operation (Hinsey, 1934; Tower, 1931). 

(2) Search for retrograde degeneration in the cells of the spinal cord (e.g. 
Gagel, 1930). This method, as has been often pointed out, has the dis- 
advantage that severance of the vessels which run with the roots could itself 
produce serious changes within the cord. 

(3) Search for intact fibres in the central stumps. This is much the most 
reliable method, and has been used in the present investigation. It is, however, 
subject to various possible errors: 

(a) If non-myelinated fibres are studied with impregnation methods, intact 
fibres cannot with certainty be distinguished from regenerating fibres, which 
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are very difficult to exclude, even by removal of the ganglion (Hinsey, 
1934). 

(b) Even if medullated fibres alone are studied, it is difficult to be certain 
whether the smaller fibres are persistent or regenerating ones (Sherrington, 
1894, 1897). 

(c) If counts are to be made, transverse sections are preferable to teased 
preparations, but after the relatively short interval necessary to avoid regen- 
eration (2-8 weeks), it is sometimes difficult to distinguish intact fibres from 
degenerated fibres in section. : 

(d) There is a danger that some spinal ganglion cells may be left central to 
the cut. It seems likely, on his own evidence, that this was the case in the 
work of Okelberry (1935). 

With these possible sources of error in view, the central stumps of divided 
dorsal roots of Macaca mulatta, the rhesus monkey, were studied in order to 
discover the percentage of medullated fibres which remain undegenerated after 
the operation. Degenerating fibres in roots adjacent to those cut were also 
sought for, mainly in teased preparations, several series of roots being divided 
so as to determine whether or not any fibres follow the course suggested by 
Lugaro and by Barron & Matthews. 


MATERIAL AND METHODS 


Fourteen macaques were used, four being employed for preliminary study 
and for the development of technique. Our definitive observations refer to the 
remaining ten animals. 

The monkeys were operated under nembutal anaesthesia, the vertebral 
laminae being removed and the dura left unopened. The dorsal roots were cut 
with scissors close to the dura; in all but one case the ventral roots were also 
divided. 

Autopsy was performed 15-22 days after operation, again under deep 
nembutal anaesthesia, the animal being kept alive in most cases until the roots 
were fixed. The operative neuromata were stained by one of the Cajal methods 
- and cut into serial longitudinal sections for verification of the lesion. Two of the 
forty-eight roots operated on proved to have been incompletely divided, and 
the 11th thoracic root of OM 18, which we had not intended to disturb, proved 
to have been injured when the root above was divided. These facts have been 
taken into account both in Table I, which summarizes the data on the roots 
divided, the time left for degeneration, and the preparations made, and in 
Tables II and III, which are dealt with below. 

The central stumps, when long enough, were divided at autopsy into two, 
one part being fixed in 0-5 per cent osmium tetroxide in 0-85 per cent NaCl, 
and the other in formaldehyde 15 parts, 0-85 per cent NaCl 85 parts. The 
fibres treated in the former manner were left in the fixative for 24 hours, 
washed under the tap, and transferred to 33 per cent alcohol in which they 
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Table I 
Operation 
—autopsy Preparations 
No. interval A Roots 
OM Species Nerves divided days Weigert Osmic Control divided 

30 Macaca Left L 6-S:1 16 Preliminary observations Ventral and 
dorsal 

18 Macaca T 8-T 10. Bilat. 20 Ventral and 
mulatta dorsal 

34 Macaca Left S 1-S 2 19 Preliminary observations Ventral and 
mulatta dorsal 

43 Macaca Left 1-S3 19 Preliminary observations Ventral and 
mulatta : dorsal 

Macaca Left L3 20 + P oo Ventral and 
mulatta dorsal 

56 Macaca T4T 8*. Bilat. 15 + + > Ventral and 
mulatta dorsal 

58 Macaca L2-L4. Bilat. 22 Ventral and 
mulatta dorsal 

60 Macaca T 5-T 7. Bilat. 19 + ; ‘ Ventral and 
mulatta dorsal 

61 Macaca T 3-T 6. Bilat. 16 , + ; Ventral and 
mulatta dorsal 

73 Macaca T 5-T 9. Bilat. 6 Preliminary observations Ventral and 
mulatta dorsal 

Macaca Left L 1-L5 17 Ventral and 
mulatta dorsal 

89 Macaca Right L 2-L6 22 + + + Ventral and 
mulatta dorsal 

90 Macaca Left L3 21 a “ s Ventral and 
mulatta Right L5 dorsal, 

lumbar 
Left T 8 Dorsal, 
Right T 10 thoracic 

99 Macaca Right L 3{-L7 19 + + ° Ventral and 

mulatta dorsal 


The data incorporated in the table give the number of roots divided in each animal, the length of 
time left for degeneration, and the nature of the histological preparations made. 


* Right T 8 only partly divided. + Right L 5 only partly divided. 


were allowed to remain some days. They were then teased and mounted in 
glycerine. The nerves fixed in formolsaline were treated with potassium 
bichromate or Marchi’s fluid, embedded in paraffin, sectioned transversely 
at 4, and stained by Weigert’s method. 

Degenerating fibres were sought in the earlier experiments by the Marchi 
technique, but this method was discarded as being not sufficiently reliable to 
allow of the identification of small numbers of degenerating fibres in nerve 
trunks. 
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EXPERIMENTAL RESULTS 


Teased nerves (osmium tetroxide method). Fibres greater 
than 3p in diameter 


Teased preparations have the advantage of allowing definite decisions as to 
whether any given fibres are intact or degenerating, but counting fibres in 
them is very difficult. This shortcoming applies particularly to large nerves 
such as those of the lower lumbar region, where it is impossible to be certain 
that every fibre has been examined. In Table II, therefore, the statement 
that no degenerated fibres were present should be taken to mean that none 
was seen. In so far as single fibres both degenerated and intact may be 
displayed for relatively long distances, these teased preparations to some 
extent overcome Hinsey’s objection that any presumed intact fibre should 
be followed by serial section to its point of cord entry. 


Table II 
Right side Left side 


No. of No. of 
degenerated. degenerated 

Condition fibres greater Condition fibres greater 

of root than 3u ts of root than 3u 
Divided Not examined Divided Not examined 
Partly divided Many Divided 
Undivided 0 Undivided 
Undivided 
Divided 
Divided 
Undivided 
Undivided 
Divided 
Divided 
Divided 
Divided 
Undivided 


AHP oo td 


Undivided 
Divided 
Divided 
Divided 
Divided 
Divided 
Undivided 
Divided 
Divided 
Partly divided 
Divided 
Divided 
Undivided 


The data give the number of degenerated fibres greater than 3 seen in teased preparations of 
the central stumps of divided dorsal roots stained with osmium tetroxide. No degenerated smaller 
fibres were recognized. Degenerated fibres were also sought in the dorsal roots adjacent to those 
that had been divided. None was ever seen in any except roots immediately adjacent. 
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As Table II shows, intact fibres greater than 3 in diameter could be found 
in only five of the twenty-three divided roots which were examined. In three 
roots one such fibre was present, in the fourth two and in the fifth four. The 
number of possibly “efferent” fibres greater than 3u in diameter thus appears 
far too small for any physiological significance to be attached to their presence. 

Of the ten roots adjacent to completely cut roots that were examined, 
seven showed no degenerating fibres, and the remaining three showed 1, 1 and 
5 respectively (Plate I, fig. 1). It is possible that these few large fibres ran the 
course suggested by Lugaro and by Barron & Matthews, since in roots more 
remote from the cut no degenerating fibres at all were found (many such were 
examined). It is clear, therefore, that only very few large fibres in one root 
can have their cell bodies in an adjacent root, and even fewer in roots more 
remote. Whatever may be the significance of the large fibres which run a 
recurrent course through two rootlets of a single root, it is certain that in the 
thoraco-lumbar region of the monkey, Macaca mulatta, the number of fibres 
running such a course between roots is too small either to be physiologically 
significant or to help in the explanation of conflicting reports in the literature. 
It may be noted that there is no evidence that in groups of divided adjacent 
roots the middle member has fewer intact fibres, as should be expected if the 
Barron-Matthews hypothesis applied to roots as well as rootlets. 

Many intact smaller fibres were present in the central stumps (Plate I, 
fig. 2). These fibres do not stain deeply with osmium, and are therefore not 
very conspicuous, but careful search reveals them in all divided nerves. That 
they are true intact fibres is shown by their smooth outline, and intact nodes, 
and they can be followed for considerable distances in the nerve. They cannot 
be counted in teased preparations; fortunately they appear very clearly in 
Weigert stained sections. 


WEIGERT PREPARATIONS 


Fibres smaller than 2 in diameter (equivalent to 3 in 
osmic preparations)" 

The advantage of transverse sections of nerves stained by Weigert’s method 
is that the number of fibres can be accurately counted. The disadvantage, as 
already remarked, is that it is not always easy to be sure whether a fibre is 
intact or degenerating (Plate I, fig. 3). Even in control preparations made 
from normal nerves, the inner and outer outlines of the myelin sheath are not 
always distinct, presumably on account of post-mortem changes or fixation 
artifacts, and occasionally what appear to be degenerated fibres are en- 
countered. Moreover, fibres which in teased preparations can clearly be seen 
to be degenerating in the greater part of their length may over sections of a 


1 On account of the shrinkage involved in the process of dehydration and embedding in wax, 
the fibres all appear smaller in Weigert than in teased preparations; the limit of 24 adopted here 
corresponds approximately to that of 3u taken in the preceding section. 
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millimetre or more appear to be healthy. Since, however, it is impracticable 
to follow every fibre through serial transverse sections to discover whether or 
not it is degenerated, the policy was provisionally adopted of counting as 
intact all fibres greater than 2u which could be so considered, i.e. all having a 
thick intact outline and a central light space, even though the latter might be 
somewhat irregular. Fibres consisting of a very thin sheath and very wide 
cavity (Plate I, fig. 4d) were not counted as intact. The average of three counts 
on each preparation indicated the following: five of forty-six central stumps 
showed no fibres which could possibly be regarded as intact; fourteen others 
each contained ten or fewer such fibres, and the highest number of possible 
intact fibres in‘any of the central stumps of the remaining cut roots of this 
series was 104, We have not thought it worth while to tabulate these data, as 
there can be no doubt that the criterion we followed allowed far too high an 
estimate of large intact fibres. The difficulty of deciding in a transverse section 
stained by Weigert’s method whether or not a large fibre is intact was well 
brought out by the great disparity between successive counts of the same 
preparation. Since teased preparations show that a truly intact fibre larger 
than 2y in diameter in the central stump of a cut root is a rarity, and since 
some of the Weigert preparations also show no intact fibres, we concluded 
that the majority of the doubtful fibres seen in the transverse sections were 
not in fact healthy fibres. 

It is difficult, on the other hand, to entertain doubts about the integrity 
of the apparently healthy smaller fibres seen in transverse sections of the 
central stumps of cut dorsal roots (Plate I, fig. 47). Their inner and outer margins 
are quite definite, they can be found in teased preparations (see p. 5), and 
from the histological point of view they therefore seem to be sound fibres. It is 
highly unlikely that they represent cut axons which have failed to degenerate, 
and while they might conceivably be young regenerating fibres, it seems im- 
probable that well medullated fibres would be found as early as 15 days after 
operation, especially as the larger of them have relatively thick sheaths. 
Moreover, these smaller intact fibres do not run in the bands of Biinger pro- 
vided by the degenerated remains of other cut axons, but appear to run quite 
independently, scattered uniformly throughout the root. Although our 
observations do not exclude the possibility that they are regenerating fibres, 
we are of the opinion that these smaller fibres are normal constituents of the 
nerve root. That they cannot be recurrent branches of fibres with cell bodies 
in neighbouring root ganglia is indicated by the fact that no degenerated small 
fibres were seen in dorsal roots adjacent to divided roots, either in teased 
preparations or in Weigert stained transverse sections. Moreover, ganglion 
cells were never encountered in any preparations of dorsal roots central to the 
ganglia. Consequently we conclude that the intact small fibres have their 
cell-bodies within the spinal cord. 

The number of intact small fibres can readily be counted with the aid of a 
1/12 in. oil-immersion objective and an eye-piece micrometer. Even when 
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large numbers are present, successive counts agree remarkably closely. Diffi- 
culty was occasionally encountered in preparations in which the “clearing-up” 
process of the degenerated myelin globules had not proceeded far enough. 
A small circular speck of stained myelin can easily be taken for a small fibre 
whose central area is obscure; only undoubted fibres with a clear central area 
were therefore counted. It may be noted that the rate of clearance seems to 
be variable. Some preparations in which 22 days had been allowed for 
degeneration appear no clearer than others which had been cut a week later. 

In order to obtain some estimate of the proportion of small fibres which 
remain intact in the central stumps of divided dorsal roots, counts were made 
of the total number of medullated fibres in transverse sections of a series of 
normal roots. As controls for lumbar nerves we chose the roots opposite 
those divided in OM 44 and OM 89 (L 83 and L 2 to L 6 respectively). The 6th 
left thoracic dorsal root of OM 18 was chosen as a control for the thoracic 
series. The normal nerves were stained by the Weigert method, photographed 
at a magnification of x 250, and enlarged a further four times, measurements 
and counts of fibres being made from the prints. Every fibre of the second left 
lumbar dorsal root of OM 89, of the third left lumbar dorsal root of OM 44, 
and of the 6th left thoracic dorsal root of OM 18 was measured and counted, 
the counts for each rootlet being determined separately, and the fibres being 
classed according to their diameters (see Table IV). The total number and 
size-distribution of the fibres in each remaining control root were estimated by 
multiplying the counts for a single rdotlet of each root by the ratio of the area 
of the rootlet to the area of the whole root of which it formed part. Areas were 
determined from projections on squared paper. 

This procedure presupposes that both the density of fibres and the fibre- 
size distribution is the same in a given rootlet as in the whole root of which it 
is a constituent, and this supposition is justified by the analysis of the 6th left 
thoracic dorsal root of OM 18. 

Table IV, column 4, gives the density per unit area of eleven rootlets of this 
nerve. The mean density is 2-08, the o of the distribution being +0-27, a 
figure which when converted to a coefficient of variation, 13-2 per cent, 
indicates that the density of any rootlet is a satisfactory measure of the density 
of the whole root. 

Table IV also gives the percentage distribution of fibres of different sizes 
in the separate rootlets. The percentage of fibres in each class is also shown for 
the whole root, and the differences between the latter figures and the actual 
numbers of fibres found in each rootlet can be readily seen. The ratio of these 
differences to the standard deviations! of their respective rootlets should not 
exceed 2 if the distribution of fibres is to be considered sensibly uniform. In 
point of fact, this ratio exceeds 2 in only three of the fifty-five instances (the 


1 Calculated from the equation o=./(pq/n); where o=standard deviation, p= percentage of 
fibres in whole root which fall into the class under consideration, g= 100 —‘p, n =total number of 
fibres in rootlet. 


Table III 
Right side : Left side 


Condition No. of intact Condition No. of intact 
fibres less than 24 Root of root fibres less than 2u 

Intact Undivided 
61 Divided 
None Divided 
ivi 5 Divided 

Undivided Intact Partly 

divided 

Undivided 
Divided 

Undivided 

Undivided 
Divided 
Divided 
Divided 
Divided 
Divided 

Undivided 

Undivided 
Divided 
Divided 
Divided 

Undivided 

Undivided 
Divided 
Divided 
Divided 

Undivided 


Undivided 
Divided 
Divided 
Divided 
Divided © 
Partly divided 
Undivided 
Undivided 
Divided 
Divided 
Divided 
Undivided 
Undivided 
Divided 
Divided 
Divided 
Undivided 
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6 
8 
12 
1 
2 
3 
4 
5 
6 


Undivided 
Undivided 
Divided 
Divided 
Divided 
Divided 
Divided 
Undivided 
Undivided 
Divided 
Undivided 
Undivided 
Divided 
Undivided 
Undivided 
Divided 
Divided 61 
Partly divided _ Partly 
degenerated 
Divided 42 
Divided 91 
Undivided Intact 
The data give the number of apparently healthy small medullated fibres of 24 and smaller 
diameter seen in transverse sections of the central stumps of divided dorsal roots stained by 
Weigert’s method. Degenerated small fibres were also sought in roots adjacent to those cut, and 
the fact that none was seen is indicated by the word “intact”, which should be taken to mean 
that these roots were not different from control preparations of roots of unoperated regions. 
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Divided 
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Animal 
Root 
18 T7 
T8 
T9 
T10 
Ti 
44 
56 
: 58 
60 
76 Undivided Intact 
* Divided 29 
. Divided 87 
Divided 220 
Divided 391 
Divided 508 
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aberrant values are 2-44, 2-50 and 2-76 respectively), and thus it follows that 
the fibre-size distribution is approximately homogeneous as between rootlets 
and the whole root. The same conclusion is indicated by a x? test, x? being 
46-4039, /(2x7) —+/(2n—1) being 0-7454, The probability of obtaining such a 
value in a random sample from a uniform population is 0-45, i.e. nine chances 
in twenty. 

The density of fibres frequently differs from root to root, presumably 
owing to differential shrinkage having occurred during fixation and staining. 
Nevertheless the coefficient of variation for the density of twenty-eight rootlets 
of four different nerves proved to be no higher than 13-32 per cent. Differential 
shrinkage in a single root, and displacement of rootlets during the process of 
embedding, leading to an oblique plane of section in certain regions, may, 
however, lead to a conclusion not in accordance with the above analysis of 
fibre size constitution, so that analysis of a transverse section of a root thus 
affected might suggest that fibre-size distribution is not homogeneous. Such 
indeed was the case with the third left lumbar dorsal root of OM 44, in which, 
however, distortion did not significantly affect the small fibres of 2 and less, 
as was shown by a ,? test. 

It follows from these observations that the relative constitution of any 
rootlet does not differ significantly from that of the root of which it forms part. 
Such deviations as are found are no greater than would be expected on a chance 
basis. The procedure we have followed in estimating the constitution of a whole 


root from one of its rootlets is therefore justified, especially as the purpose of 
these calculations is well satisfied by approximations. 

Table V incorporates the results of our observations and calculations, the 
roots being regarded as comprising only two classes of fibres, those larger than 
2 in diameter, and those of 2 and less. Column 7 comprises the mean number 


Table IV. Sixth right thoracic dorsal root of OM 18 


(n) na Percentage distribution 
(a) Total Density of 
a in no. of fibres per 
Rootlet sq. cm. fibres unit area 
1 74-69 
2 103-67 
3 124-56 
4 
5 
6 
7 
8 
9 
10 
ll 


186-92 
264-79 
53-31 
170-97 
78-48 
79-61 
113-73 
164-56 


Total 1415-29 
Mean 


The Table gives the density of fibres per unit area and the percentage size distribution of fibres 
in the separate rootlets and the whole root. The areas given are 1000 x the areas of the stained 
sections. 
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3 24-1 
3 19-8 
0 20-9 
9 15-9 
22-7 
4 17-9 
7 19-9 
4 15-7 
2 14-6 
5 15-5 
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of small intact fibres found in each root as given in Table III; the mean of the 
intact fibres of all thoracic roots was taken in the case of the 6th left thoracic 
dorsal root of OM 18. It will be noticed that the absolute number of intact 
fibres rises in the lower nerves of the lumbar series, a finding which agrees 


with that of Okelberry (1935). 
It should also be noted that apart from L 7 the relative number is of the 


same order throughout the lumbar series. 

Table V shows that the percentage of small fibres which remain intact 
after division of the dorsal roots central to the ganglia varies between 2-52 
and 10-88 per cent of all medullated fibres of their own size in a root, and 
between 0-85 and 2-94 per cent of the total number of medullated fibres in 
the root. These fibres presumably have their cell bodies within the cord. If 
they are efferent, they can hardly be as important a functional component 
of the roots as Kuré and his collaborators consider them. 


Table V. Intact medullated fibres of diameter 2 and smaller 


b 
a Estimated No. of 
Estimated no. of _ persist- 
No. of % of no. of fibres less ing 2u 
%root fibres counted fibresin than 2y fibres in 


Nerve area in area fibresless whole in whole divided 
root counted counted than 2u root root roots* %c/b %c/a 
18 LT6 100 2845 29-77 2,845 847 40 4:72 1-41 
(actual) (actual) 
89 LL 2 100 1771 34-05 1,771 603 52 8-62 2-94 
(actual) (actual) 
89 LL3 16-33 “S081 33-41 5,701 1904 99 5-20 1-74 
44 LL3 100 4687 37-02 4,687 1735 99 5-76 2-11 
(actual) (actual) 
89 LL 4 9-90 912 23-14 9,212 2131 181 8-49 1-96 
89 LL5 9-54 1031 24-15 ~ 10,807 2610 284 10-88 2-63 


12,963 4371 110 2-52 0-85 


33-72 


958 


89 LL6 7:39 


The last two columns of the table give the percentages of small fibres which remain intact after 
division of the dorsal roots central to the ganglia. The last column gives the percentage as an index 
of all medullated fibres in the root, and the preceding column the percentage as an index of the 
number of fibres of 24 and smaller diameter found in normal roots. Two sets of values are given for 
the 3rd lumbar dorsal root, the first being based on estimated figures, and the second on actual 
counts. For further details see text. 


* Each estimate is the mean of three separate counts. 


It is, however, possible that these dorsal root fibres are afferent, although 
such a view would demand explanation of the fact that almost all the fibres 
which have intraspinal cell bodies are extremely small. The final decision as 
to the function of these fibres rests with electro-physiological studies. 
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SUMMARY 


1. Dorsal roots of spinal nerves in fourteen macaques were divided central 
to the ganglia, and the animals were autopsied 15-22 days later. 

2. Teased preparations of the central stumps of divided thoraco-lumbar 
roots stained with osmium tetroxide showed a maximum of four intact fibres 
greater than 3 diameter per root. 

3. At most five degenerating fibres were found in any one root adjacent to 
one that had been divided; no such fibres were found in more distant roots. 

4, After division of any dorsal root in the thoraco-lumbar region, the 
central stump contains intact fibres smaller than 3y in diameter. These range 
from 2-52 to 10-88 per cent of the fibres of that size, and from 0-85 to 2-94 per 
cent of all the medullated fibres in the nerve. 

5. Since these small fibres are found as early as 15 days after operation, 
they are considered to be a normal component of the dorsal roots; at the same 
time it should be noted that the possibility of their being regenerated fibres 
has not been excluded. 


Our thanks are due to Prof. Lancelot Hogben, F.R.S. and Dr R. B. Fisher, 
for advice on the statistical issues that arose in this study. 
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EXPLANATION OF PLATE I 


Fig. 1. Part of dorsal root adjacent to one that had been cut for 16 days (OM 61, LT 2), showing 
a single degenerating fibre. Teased preparation, osmium tetroxide. 

Fig. 2. Part of central stump of dorsal root fixed 17 days after operation (OM 76, LL 3), to show 
intact small medullated fibres. Tease preparation, osmium tetroxide. 

Fig. 3. Transverse section of central stump of dorsal root of T 6, fixed 19 days after operation 
(OM 60). Weigert. 

Fig. 4. Transverse section of central stump of dorsal root of left T 9, fixed 20 days after operation 
(OM 18), to show intact small medullated fibres (i). Weigert. 
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NORMAL FACIAL GROWTH IN CHILDREN 


By MATTHEW YOUNG 
Institute of Anatomy, University College, London 


For some time past the writer has been working in collaboration with some 
dental surgeons on facial growth in children with the object of trying to shed 
some light on the genesis of abnormal formation of the jaws. Associated with 
faulty closing of the dental arches and improper placing of the teeth, this 
condition is commonly met in dental practice. The deformities which occur 
are of various kinds, but it is clear that most of them begin very early in life 
and possibly even before birth. For the identification and precise diagnosis 
of the various types of abnormality in their early stages accurate facial 
measurements are of great value, but it is obviously a necessary preliminary 
to the interpretation of these that exact information should be available as 
to the direction and rate of normal growth of the jaws and the normal corre- 
lation between different measurements in children of the same social class. 
Such data should not only provide a sound basis for the diagnosis of abnormal 
conditions but might reasonably be expected to show in what respects and 
to what extent these abnormal conditions differ from the normal at different 
stages of growth. 

The normal growth of the jaws from infancy to adult life was first investi- 
gated by Tomes (1891, 1892), and knowledge of the subject has more recently been 
advanced by the experimental work of Brash (1924) and by the measurements 
of Franke (1921), Lewis & Lehman (1929), Hellman (1933), Goldstein & Stanton 
(1936), Wingate Todd (1936), Holly Broadbent (1931) and others. Information 
on the subject, however, still remains inadequate. 

Under the auspices of the Dental Committee of the Medical Research 
Council arrangements were made for the collection of a large series of facial 
measurements by Miss K. C. Smyth in normal children attending London 
County Council schools. The main part of the enquiry related to the age 
period 8-14 years, and for this about 1200. children, in whom the two dental 
arches exhibited what is regarded as morphologically normal occlusion, were 
selected for measurement. Only about 8 per cent of those whose mouths were 
examined were considered to show this relationship ideally. A restriction of 
this nature seemed to be essential if reliable standards of the normal were to 
be obtained. In these 1200 children the sexes were about equally represented, 
and the age distribution was so arranged that approximately 50 children of 
each sex belonged to each six-monthly age group from 8 to 14 years. 

It was felt, however, that the investigation on normal growth would be 
very incomplete without any records of children under 8 years of age. As a 
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step towards repairing this defect, facilities were later obtained for taking 
the same series of measurements in a group of about 100 children ranging in 
age from 2 to 5 years who were in attendance at a Welfare Clinic. The children 
were about equally distributed over the 3 years, and the numbers of each 
sex at each age were approximately equal. In selecting the children at these 
ages as suitable for measurement less emphasis was laid on the presence of 


normal occlusion than in the older group. 


The characters measured were twenty in number and may be classified 


for convenience into five groups as follows: 
(1) Antero-posterior measurements of face: 
Transmeatal axis to nasion 
Transmeatal axis to upper incisor gum-margin 
Transmeatal axis to upper incisor incisal margin 
Transmeatal axis to lower incisor gum-margin... 
Transmeatal axis to mental point 
(2) Vertical measurements of face and jaws: 
Nasion to subnasal point ... = 
Nasion to upper incisor incisal margin ... 
Nasion to submental point 
Nasion to occlusal surface of upper first ae ‘(ee of 
medio-lingual cusps) .. 
Lower incisors (incisal margin of |1 fl) to 
Lower molars (occlusal surface of |6 [6 ) to lower border of 
the mandible ... 
Height of palate , 
(3) Transverse measurements of the face: 
Maximum bizygomatic breadth of face ... 
Maximum bigonial breadth of face 
(4) Length of the dental arches: 
Length of upper dental arch from behind first permanent 
molars or second deciduous molars aes 
Length of lower dental arch from behind first ssseniiiai 
molars or second deciduous molars 
(5) Breadth of the dental arches: 
Maximum external breadth of upper dental arch at first 
deciduous molar or first premolar ... 
Maximum external breadth of upper dental arch at first 
Maximum external breadth of lower dental arch at first 
deciduous molar or first premolar ... ‘ 
Maximum external breadth of lower dental arch at first 


permanent molar 


(TA to N) 
(TA to UIGM) 
(TA to UIIM) 
(TA to LIGM) 
(TA to MP) 


(N to SNP) 
(N to UIIM) 
(N to SMP) 


(N to 6/6) 


(LI to SMP) 


(LM to LBM) 
(Pal. Ht.) 


(Bizyg. B) 
(Bigon. B) 


(LUA) 


(LLA) 


(B at d|d or 4|4) 
(B at 6|6) 
(B at d[d or 4]4) 
(B at 6/6) 


l 
| 
| 
1 
1 
1 
] 
f 
D 
f 
a ees eee eee eee eee 
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Details of the characters and the abbreviations or symbols by which they 
are occasionally represented when referred to in the text or tables are given 
in the foregoing list. Some of the more important are shown diagrammatically 
in Fig. 1. 

edcba|abcede 654321 |123456 

edeba|abede 654821|128456 
surgeons to represent the deciduous and permanent teeth. 


are conventions often used by dental 


—--- -N to UIIM---1 


- LI to SMP- -1 


= 
n 
' 
' 
4 

' 
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Fig. 1. Showing the more important measurements of the face in the 
antero-posterior and vertical directions. 


The antero-posterior measurements were all taken from the transmeatal 
axis to various points on the mid-line of the face by a prosopometer devised 
by Sir Norman Bennett. The depth of the palate and the length of the dental 
arch were measured by a special instrument designed for the purpose by 
Mr Campion. For all the other measurements specially designed callipers 
and specially adapted terminals were used. 

The ideal method for carrying out such an investigation would be to have 
standardized radiographs of the profile and face views of large numbers of the 
same children taken over several consecutive years, but the adoption of such 
a procedure was quite impracticable at the time the investigation was begun. 
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A brief account of the main results of the study of facial growth in the 
normal children might be of interest. For this purpose it has been deemed 
sufficient to tabulate the average values for the different characters at the | 
ages 2, 4, 8, 10 and 12 years and to indicate the progress of growth for each 
2-yearly period as the percentage increase on the dimension at the earliest age 
shown, namely 2. The results for the antero-posterior measurements of the 
face are given for boys and girls separately in Table I. 


Table I. Antero-posterior measurements of the face (facial depth) 
' TAtoN TA to UIGM TA to UIIM TA to LIGM TA to MP 


% + % + % + % + % + 

Age Means age2 Means age2 Means age2 Means age2 Means_ age 2 
(mm.) (mm.) (mm.) (mm.) (mm.) 

Boys 

2-3 78-5 75-0 76-1 73-0 82-2 
(15)* (15) (14) (14) (14) 

4-5 81-6 4 79-2 6 80-4 6 78-7 8 88-9 8. 
(18) (18) (18) (18) (18) 

8-9 86-2 10 85-6 14 87-1 15 85-8 18 97-6 19 
(75) (75) (75) (75) (75) 

10-11 89-0 13 88-7 18 90-9 19 89-4 23 101-9 24 
(58) (58) (58) (58) (58) 


12-13 90-7 16 86913 
(60) 


77-0 


(16) (16) (16) (16) (16) 
45 797 4 789 4 5 791 6 90-2 
(13) (13) (13) (13) (13) 

8-9 849 1084-1 85-7 12 84-5 13 (96-3 14 
(80) (80) (80) (80) (80) 
10-11 86-5 12 86-3 14 88-4 16 86-9 16 99-6 18 
(72) (72) (72) (72) (72) 
12-13 89-0 16 89-4 18 91-4 19 897 20 1035 2 
(66) (66) (66) (66) (66) 


* The figures in brackets in all tables are the numbers of observations at each age. 


Here is shown in both sexes the regular increase in the dimension trans- 
meatal axis to nasion (TA to N) from 2 up to 12 years of age when the increment 
is 16 per cent. As might be expected, the proportionate rate of increase in the 
character transmeatal axis to upper incisor gum-margin (TA to UIGM) and 
transmeatal axis to upper incisor incisal margin (TA to UIIM) is very similar, 
it is also regular and rather greater than in TA to N, the increment in the 
10 years interval being 22 per cent. The antero-posterior measurements in 
relation to the lower jaw, transmeatal axis to lower incisor gum-margin (TA 
to LIGM) and transmeatal axis to mental point (TA to MP) show in the boys 
much the same proportionate increase up to 10 years, but at 12 years there 
is a suggestion that the measurement including the mental eminence may have 
gained slightly on that to the lower gum-margin. In both these characters 


Girls 
2-3 75:8 — 76-5 74:6 84-4 
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the proportionate increase is rather greater than in the radial measurements 
that include the maxilla. In the girls the increases shown in the measurements 
to the upper jaw and the lower jaw appear to be less regular and less in degree 
than in the boys. . 


Table II. Vertical measurements of the face and jaws 
NtoSNP NtoUlIM NtoSMP Nto6j6orele Pal. Ht. LItoSMP LMto LBM 


: % + % + % + % + % + % + % + 
Means from Means from Means from Means from Means from Means from Means from 
Age (mm.) age 2 (mm.) age2 (mm.) age2 (mm.) age 2 (mm.) age 2 (mm.) age 2 (mm.) age 2 


23 339 — — $31 — 1336 — 294 — — 
(17) (14) (10) (17) (16) 
9 ll 89-6 8 15-4 18 32:1 27°8 1l 
(18) (18) (18) (18) 
24 98-4 ° 15-9 17 35:8 29-5 18 
(92) (92) (91) (91) 
29 101-5 175 29 37:0 30°7 22 
(86) (86) (84) (84) 
32 103-2 18:4 35 33-1 
(99) (99) (99) 


13-1 25:3 
(13) (17) 
145 . 27-4 
(12) (13) 
15-4 28-7 
(87) (88) 
16-3 35° 30-2 
(97) (97) 
18-1 . 32:3 
(102) (102) 


In Table II are shown the average values of the vertical measurements of 
the face and jaws and the percentage increments from 2 to 12 years. 

The percentage increments in the height of the upper face, nasion to upper 
incisor incisal margin (N to UIIM), at the different stages from 2 to 12 years 
coincide in boys and girls; at age 12 the increase is 82 per cent over the mean 
value at age 2. In both boys and girls the proportionate increase in total face 
height (N to SMP) seems to be rather less than that in the upper face height. 

Both the characters, lower incisors to submental point (LI to SMP) and 
lower molars to lower border of the mandible (LM to LBM) at age 12 show an 
increase of 82 per cent over these characters at age 2. In the girls the rate of 
progress of growth in these characters appears to be rather slower. 

The palatal height at age 12 shows an increase of 35 per cent in boys and 
38 per cent in girls over the corresponding mean values at age 2. The percentage 
increases from 8 to 12 years are 16 and 18 respectively. 

Although the measurements of the characters nasion to upper permanent 
first molars or deciduous second molars (N to 6|6 or ele), palatal height and 


i 
Boys 
1 
1 
Girls 
: (17) (17) (17) (14) 
45 355 12 563 10 871 10 585 9 8 
; (13) (13) (13) (13) 
8-9 40:7 28 638 25 961 21 67:0 25 13 
(88) (88) (88). (88) 
10-11 42:1 32 656 29 983 24 682 27 19 
(97) (97) (97) (97) 
12-18 43:2 36 674 32 1018 28 706 31 28 
(102) (102) (102) (102) 
F 
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LM to LBM are not taken from exactly the same points in the children at 
ages 2 and 4 as in children at the later ages and of course use deciduous instead 
of permanent teeth, the percentage increases in these have still been tabulated. 
They are to be regarded as approximations only, showing the general trend 
of growth. 

By the use of diagrammatic representations of the face an attempt has 
been made to illustrate for the sexes separately the progress of growth in the 
principal characters of these two groups, antero-posterior and vertical, in the 
period of life under review. In preparing these diagrams for boys and girls 
(Figs. 2 and 8) it has been assumed for convenience that the transmeatal axis 


N 
12108 4 


Fig. 2. Showing in diagrammatic form the average progress of facial growth in the antero- 
posterior and vertical directions and the change in position of the dental occlusal plane n 
normal boys at ages 2, 4, 8, 10 and 12 years from the L.C.C. schools. 


remains constant in position and the chord TA to N constant in direction 
from age 2 to 12 which, it will be readily understood, is not necessarily true. 
In Fig. 4 is shown in diagrammatic form the average rate of growth of the 
face in the horizontal and vertical directions in boys with normal occlusion 
at a rather later age, namely from 9 to 15 years. The measurements providing 
the averages on which this figure is based were taken by Dr Sheldon Friel of 
Dublin at the Artane Industrial School by means of a prosopometer specially 
devised by himself. This instrument records on a chart the co-ordinates of any 
point of measurement in the mid-line of the face, for example the nasion, in 
relation to the transmeatal axis as zero and the horizontal plane passing through 
this axis and the lowest point of the lower border of the left orbit, i.e. the 
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Fig. 3. Showing in diagrammatic form the average progress of facial growth in the antero- 
posterior and vertical directions and the change in position of the dental occlusal plane in 
normal girls at ages 2, 4, 8, 10 and 12 years from the L.C.C. schools. 


N 


SNP 


Fig. 4. Showing in diagrammatic form the average progress of facial growth in the antero- 
posterior and vertical directions in normal boys at ages 9, 11, 13 and 15 years from the 
Artane school in Dublin. 
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nearest approximation to the Frankfort horizontal plane that can be obtained 
in the living subject. The regularity of the increase and the similarity to that 
shown in the London children at the later ages are clearly indicated. 

Reverting to the data for the London school children, in Table III is shown 
the progress of growth in the transverse measurements of the face near its 
upper and lower limits, the bizygomatic and bigonial breadths. 


Table III. Transverse measurements of the face 


Bizygomatic breadth Bigonial breadth 
Male Female Male Female 
Age Means age 2 Means age 2 Means age 2 Means age 2 
(mm.) (mm.) (mm.) (mm.) 
2-3 111-4 109-1 84-3 84-2 
(17) (17) (17) (17) 
4-5 115-1 3 110-4 1 88-3 5 86-1 2 
(18) (13) (18) (13) 
8-9 120-0 8 117-7 8 96-2 14 94-0 12 
(92) (88) (92) (88) e 
10-11 122-7 10 120-1 10 97-8 16 95-9 14 
(86) (97) (86) (97) 
12-13 125-6 13 123-6 13 100-5 19 98-2 17 
‘ (99) (102) (99) (162) 


From 2 to 12 years the bizygomatic breadth increases by 13 per cent and 
the bigonial breadth from 17 to 19 per cent, so that the rate of growth is 
appreciably slower in the former. The increase in upper facial breadth is slower 
and of smaller degree than in both the antero-posterior and vertical measure- 
ments of the face. 

The rate of increase in bigonial breadth though less than in the vertical 
measurements of the face does not differ greatly from that shown in the 
antero-posterior measurement transmeatal axis to upper incisor gum-margin 
(TA to UIGM). It may be mentioned here that there is definite evidence in 
the boys and some indication though it is less certain in the girls that the total 
length of the face, N to SMP, increases relatively to the breadth (bizygomatic) 
as age increases from 8 to 12 years. The facial index, 100 x N to SMP/Bizyg. B., 
increases in that age interval by two units from 82 to 84. There is no change, 
however, in the relative proportions of the component parts of the face in the 
vertical direction in the same period, the index of facial proportion, 100 x N 
to SNP/N to SMP, remaining at 42-2 in boys and 42-4 in girls. 

The growth in length and breadth of the dental arches will now be con- 
sidered. The mean values for length at the different ages are shown in Table IV. 
By length of the dental arch is meant the distance between the incisal margins 
of the upper central incisors and the mid-point of a straight line joining the 
distal surfaces of the upper first permanent molars when these are present, 
i.e. from 6 years onwards, or if not erupted the corresponding line in relation 
to the second deciduous molars. A close approximation to the measurement 
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Table IV. Length of the dental arches 
Length of upper arch (LUA) Length of lower arch (LLA) 
Male Female Male 


To To To To To To ? 
Age ele or 5|5 ele or 5|5 
(12) (13) 
28-6 27-7 . —, 
(18) (13) 
28-7* 28-1* 38-4 34-9 
(56) 
28-5* 28-6* 38-9 34-5 
(56) (47) 
28-5* 27-8* 38-1 32-8 
(18) (12) 
* Estimated by deducting 10-3 mm. from LUA to 6|6. 


{ Estimated by deducting 10-2 mm. from LLA to 6]6. 


made ‘in one way from that made in the other can be obtained by allowing 
for the average mesio-distal measurement of the first permanent molar tooth. 
In Table IV such an adjustment has been made. The length of the dental arch 
at age 8 and subsequent ages has been made comparable with that at the 
earlier ages by deducting 10-3 and 10-2 mm. respectively from the actual mean 


values for the upper and lower arches. The figures clearly show that after 
age 2 there is no increase in the length of that part of the alveolar arch 
originally occupied by the deciduous teeth. 

The length of the upper arch actually remains unchanged from 2 to 12 years, 
while the length of the corresponding lower arch shows some tendency to 
shortening at age 12. These results amply confirm the observations of John 
Hunter (1771) and Bolk (1924). 

The growth in breadth of the dental arches is shown in Table V. The 
terminal points of measurement are on the buccal aspects of the necks of the 
teeth, d|d, 4|4 and 6|6, in close relation to the alveolar margin, and thus should 
not differ greatly from the corresponding measurements in skulls. 

The average values for the anterior breadth have been tabulated separately 
at ages 8-10 years for the respective groups of children with first deciduous 
molars, d|d, and first premolars, 4/4, present to show the influence if any of 
change of dentition. It will be seen that in the upper arch, the breadth at 
d|d changes little if at all from age 2 to 4 in either sex. From 4 to 8 there is 
an appreciable increase of about 3 mm., but from 8 to 10 there is no definite 
evidence of a further increase. In the children with 4|4 present, there is 
evidence of an average increase from 8 to 10 years of about 2 mm. in both 
sexes, but the averages at the earlier age are based on small numbers and may 
not be very reliable. There is, however, an average increase of exactly the 
same amount but clearly significant in the breadth at 6|6 in both boys and 
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Table V. Breadth of the dental arches 


Male Female 
Age B at did Bat4|4 Batd|d B at 4|4 B at 6|6 
Upper 
2-3 39-9 39-6 
(17) (17) 
4-5 40-6 39-4 
(18) (13) 
8-9 43-4 44-0 42-0 42-6 55-5 
(68) (4) (62) (11) (76) 
10-11 43:1 45:6 42-7 43-9 56-0 
(22) (25) (20) (46) (56) 
12-13 45-9 44-5 57-4 


Lower 
Age Batdjd Batdjd Bat 44 B at 66 
2-3 36-3 _ 35°5 — 


37-1 53-6 

(64) (6) (67) (9) (76) 

10-11 37-7 40-0 36-8 38-7 53-8 
(29) (21) (17) (47) (56) 

12-13 40-3 -- 39-1 55-0 


(65) (60) 


width when d{d is present. 


though there is no evidence that it increases in length. 


girls as age increases from 8 to 10 years. In both boys and girls at age 10 the 
anterior width of the arch when 4|4 is present is significantly greater than its 


The progress of growth in breadth of the dental arches in the lower jaw 
shows, as might be expected, a close correspondence with that in the upper. 

There is thus clear evidence that the section of the dental arch occupied 
by the deciduous teeth and later by their successors becomes a wider arc, 


The records of measurements of the many facial characters in the children 
with normal occlusion provided the means for determining the degree of 
association or relationship that obtained between each of the several pairs of 
characters, a knowledge of which might be expected to be of value in throwing © 
light on the normal growth of the face including the jaws in childhood. 
Accordingly, a fairly long series of correlation coefficients between pairs of 
characters was calculated for each of the three groups: children from 2 to 
5 years, boys from 8 to 14 years, and girls from 8 to 14 years. Subsequently, 
the partial correlation coefficients which show the intensity of the association 
that persists when the influence of increasing age is eliminated were computed. 
These coefficients are not tabulated. It would be impracticable to discuss 
them in detail here, but a brief reference may be made to some of the more 
important relationships shown. As might be expected, some of the coefficients 
are of quite a high order showing that the correlation that exists is of con- 


Female 
B at 6|6 
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siderable intensity. Thus the coefficient between the characters nasion to 
upper incisor incisal margin (N to UIIM) and nasion to first permanent molars 
(N to 6/6) is approximately 0-8, and that between the characters or measure- 
ments lower incisors to submental point (LI to SMP) and lower molars to 
lower border of the mandible (LM to LBM) about 0-7. The coefficients between 
these characters, the first two of which belong to the upper face and the last 
two to the lower face or mandible are definitely higher in all the groups of 
children than those found between the characters N to UIIM and LI to SMP 
and between N to 6|6 and LM to LBM, that is, vertical growth in the maxilla 
is less closely related to that in the mandible than is the corresponding growth 
in different axes of the maxilla or of the mandible. 

The correlations between the various absolute measurements of the dental 
arches are also as might be expected of a relatively high magnitude. Thus the 
coefficient between the external widths of the dental arch at 6|6 (upper) 


and 6|6 (lower) is approximately 0-8 in both boys and girls, and that between 
the widths at 4|4 (upper) and 6|6 (upper) exceeds 0-7. The correlation between 
the lengths of the upper and lower dental arches (LUA and LLA) also 
exceeds 0-7. 

Some of the other coefficients, though considerably smaller than those 
already referred to, nevertheless indicate very interesting relationships. Thus 
the height of the palate has a slight but significant positive association, 
represented by a coefficient of 0-3 in boys and 0-4 in girls, with the distance 
between the nasion and upper incisors (N to UIIM), in other words, the height 
of the upper face. The palatal height has also a very slight but significant 
association with the upper facial index (100 x N to UIIM/Bizyg. B.) in boys 
and girls at ages 8-14 years, though there appears to be no such association 
in children at ages 2-5 years. A relatively long face thus shows a very slight 
tendency to be accompanied by a relatively high palate. The height of the 
palate, on the other hand, shows no appreciable association with the width 
of the dental arch at 6|6 in boys, though there is a slight positive correlation 
between these characters in the girls. The width of the upper dental arch at 
6/6 and also at 4|4 is quite definitely associated with the bizygomatic breadth, 
the correlation coefficients being approximately 0-5 and 0-4 respectively, 
though such a relationship has been denied by other observers. It is doubtful, 
however, what proportion of the correlation coefficient observed may be held 
to express true or “organic” correlation. 

In contrast with the relationship shown to exist between the absolute 
measurements, the coefficients between the breadth of the upper dental arch 
at 6|6 and the upper facial index (100 x N to UIIM/Bizyg. B.) show quite 
definitely that there is no correlation between these facial characters in either 
boys or girls at ages 8-14 years. There is thus no apparent association between 
a relatively narrow face (as measured by height in relation to breadth) and | 
a narrow dental arch, though there is, as has been mentioned, a very slight but 
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apparently significant tendency for a relatively narrow face to be associated 
with a relatively high palate. 

These results in modern children are of special interest in view of Sir Arthur 
Keith’s conviction (1924) that in a considerable proportion of the modern 
population of Britain there is a tendency for the face to become higher and 
narrower, and that the tendency is directly related to narrowing and arching 
of the palate. 

Other coefficients indicate that there is a slight tendency for a greater 
antero-posterior length to be associated with relative narrowness of the face. 

The average values of the facial characters at the different ages, their 
variabilities and the intensity of their interrelationship with one another and 
with age, stature and body weight as indicated by the correlation coefficients 
provide the means of determining whether the measurement of a particular 
facial character in an individual child diverges to such a degree from the 
corresponding standard derived from the normal children that it should be 
regarded as probably abnormal in the sense that it is not of such a magnitude 
as would be likely to be found except very rarely in children of similar age 
or stature or with other facial characters of a given order. 

The mean values and variabilities of the facial characters described at the 
several ages and the intensity of their interrelationships in this group of normal 
children supplemented by similar data for other characters in another normal 
series have been used as standards of comparison for the corresponding values 
in large series of children at corresponding ages showing the most common 
form of mal-occlusion of the teeth, namely inferior post-normal occlusion, and 
the results seem to shed some new light on the features that characterize this 
abnormality. 


SUMMARY 


1. The mode of growth of the face from 2 to 15 years follows a uniform 
pattern in normal children. 

2. The proportionate increase in facial growth antero-posteriorly, i.e. 
facial depth, is greater in the region of the lower jaw than in that of the upper. 

3. In both boys and girls the proportionate increase in total height of 
the face appears to be rather less than that in the upper facial height. 

4. The increase in upper facial breadth is less in degree than that shown 
in both facial depth and facial height. 

5. The ratio of facial height to facial breadth increases in both sexes 
with age. 

6. The portion of the dental arch occupied by the deciduous and later by 
the permanent teeth becomes part of a wider arc but does not increase in length. 

7. The vertical axes of growth in the upper face are more closely correlated 
with one another than with those of the lower face, i.e. the maxillary growth 
is to some extent independent of mandibular growth. 
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8. The face widens relatively more in its lower than in its upper region. 

9. A relatively long face shows a slight tendency to be accompanied by 
a relatively high palate. 

10. Though the absolute width of the upper dental arch is significantly 
correlated with the bizygomatic breadth, there appears to be no appreciable 
association between a relatively narrow face, as expressed by the facial index, 
and a narrow dental arch. 

11. A narrow face shows a tendency to be deep or long antero-posteriorly. 

12. The use of the average values at the several ages, the variabilities and 
the interrelationships of the facial characters brought under review in these 
and other series of normal children has added considerably to the knowledge 
of the features that characterize the common dental abnormality, post-normal 
occlusion. 
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GROWTH OF CARTILAGE CANALS IN 
THE PATELLA 


By R. WHEELER HAINES 


INTRODUCTION 


Tue arrangement, development and structure of cartilage canals are now very 
well known, for they have been studied by the preparation of sections, by 
injection, and in recent years by reconstruction in wax and celluloid (Hintzsche, 
1928 a, b, 1931, 1933; Haines, 1933; Hurrel, 1934). But in spite of the detailed 
knowledge of their anatomical structure which has accumulated, the actual 
method by which the canals grow has remained obscure, and several theories 
have been advanced to account for their origin. The theory which is most 
widely held, that of “invasion’’, suggests that the canals grow into the carti- 
lage from the perichondrium, either by destroying the cartilage completely, 
or by the solution of the cartilage matrix leaving many of the cells and fibres 
intact (Retterer, 1900; Stump, 1925; Hintz$che, 1928a, Hurrel, 1934). An 
alternative theory, that of “inclusion”, suggests that the blood vessels and 
tissues of the canals originally formed part of the perichondrium, and became 


enclosed within the canals by the growth of new cartilage around them 
(Schaffer, 1888; Haines, 1933). If this be the case there is no need to postulate 
any destruction of cartilage or cartilage matrix during the growth of the canals. 
The patella was chosen for study as it is a wapepnet mass of homogeneous 
cartilage, easily orientated for section. 


THE GROWTH OF THE CANALS IN THE PATELLA 


The arrangement of the cartilages around the knee joint at the time of the 
earliest formation of the canals is shown in Text-fig. 1, a sagittal section from 
a foetus of 85 mm. c.u. length. This includes the articular ends of the femur and 
tibia, and the patella. The bony shafts of the long bones are still relatively short 
and are not included in the field. The joint cavity is well formed, and is con- 
tinued upwards above the patella as a supra-patellar bursa (s.p.b.). The liga- 
ments of the joint are clearly defined, the lower end of the anterior cruciate 
(a.c.l.) being shown in the figure. The joint is richly supplied with blood vessels, 
and the middle genicular artery (m.g.a.) is seen passing forwards towards the 
infra-patellar pad of loose connective tissue (i.p.p.) where it breaks up into a 
large number of small vessels (b.v.). 

The patella presents four main surfaces. Anteriorly it is clothed with a 
dense fibrous perichondrium (f.p.c.) without blood vessels except at a few 
points. This is continuous above with the quadriceps tendon (q.ten.) and below 
with the ligamentum patellae (.pat.), and anterior to it if a highly vascular 
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prepatellar layer, not well shown in this section. Posteriorly the articular 
surface of the patella is similar in structure to that of the femur, the nuclei of 
the cells being smaller and more crowded than in the rest of the cartilage. 
Inferiorly the perichondrium is loose (J.p.c.) and contains many capillaries 
derived from the blood vessels of the infra-patellar pad..The superior surface is 
not so clearly marked off as is the inferior. It gives attachment to the quadri- 
ceps tendon, and behind this a small area is covered by a supra-patellar pad of 


s.p. b, 


ten. 


l. pat.4 


Text-fig. 1. General view of a sagittal section of the knee joint of a foetus of c.H. length 85 mm. 
a.c.l. anterior cruciate ligament, b.v. blood vessel, c.c. fem. cartilage canal of femur, c.c.pat. carti- 
lage canal of patella, f.p.c. fibrous perichondrium, i.c.s. intercondylar surface, i.p.p. infra- 
patellar pad, l.pat. ligamentum patellae, J.p.c. loose perichondrium, m.g.a. middle genicular 
artery, g.ten. quadriceps tendon, s.p.b. supra-patellar bursa, s.p.p. supra-patellar pad. 


connective tissue (s.p.p.). Here again the perichondrium is loose and is vas- 
cularized from the blood vessels of the pad. A similar contrast in perichondral 
structure has been noted by Hintzsche (1928 a) in the femur, where the anterior 
and posterior surfaces of the shaft are covered by a strong fibrous perichon- 
drium, while the intercondylar surface (i.c.s.) is related to the loose highly 
vascularized tissue which surrounds the cruciate ligaments. The type of peri- 
chondrium seems to have little effect on the subsequent development or 
structure of the cartilage canals, but where there is no perichondrium, as in the 
areas where the cruciate ligaments or the tendons of muscles are inserted into 
the cartilage, no canals are developed. 

In the knee illustrated in Text-fig. 1 the canals are at the earliest stage of 
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their development. In the patella there is but one (c.c.pat.), developed from the 
anterior surface, forming a small conical projection whose structure will be 
described later. In the femur several small canals (c.c.fem.) project into the 
cartilage from the intercondylar surface, and several others appear in other 
sections. The further development of the canals in the patella can be followed 
in a series of models. 

Text-fig. 2 shows a model of a later stage (c.u. length 118 mm.). Three 
canals enter from the anterior surface (ant.c.) and two from the infra-patellar 
surface (i.p.c.). A small canal from the supra-patellar surface (s.p.c.) has also 
developed, but canals from this area are irregular in their occurrence. 


ant. ¢. 


8. 


Text-fig. 2. Model in celluloid of the cartilage canals of the patella from a foetus of c.H. length 
118 mm., showing all canals. ant.c. canal from anterior surface, i.p.c. canal from intra-patellar 
surface, s.p.c. canal from supra-patellar surface. 


Text-fig. 3. Model from a foetus of c.H. length 295 mm. showing all canals. i.p.c. canal from infra- 
patellar surfaces, s.div.c. subdivided canal, yng.c. young canal. 


In Text-fig. 3 (c.u. length 138 mm.) the canals from the anterior surface are 
branched, and a subdivided canal (s.div.c.) has been developed in which branches 
from a common root rejoin to form a single canal. Below the main group is a 
young canal (yng.c.) projecting but a short distance into the cartilage. From 
the infra-patellar surface only one canal arises (7.p.c.) and that is poorly 
developed. 

In Text-fig. 4 (c.u. length 295 mm.) the canals are fully developed. Their 
ends are finely branched, and the terminal twigs form a large number of stumpy 
projections. These tend to lie on an even plane within the cartilage, parallel to 
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the articular and superior surfaces, leaving a sharply distinguishable zone free 
of canals, an arrangement maintained in the later specimens. Further, several of 
the branches are now recurved (rec.c.), turning away from the main trunks of 
the canals towards the perichondral surface. 


Text-fig. 4. Model from a foetus of c.n. length 295 mm. showing some of the canals. 
rec.c. recurved canal. 


Text-fig. 6. Model from a child of 1,%, years. rec.c. recurved canal, tun.c. tunnel canal, 
yng.c. young canal. 


In the newborn foetus (Text-fig. 5) the terminal arborizations are not so 
well marked. It will be shown later that the canals at this stage are already 
undergoing degeneration, and that a large part of their contents has become 
transformed into cartilage. This probably accounts for their more simple 
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appearance. Tunnel canals connecting the anterior and infra-patellar surfaces 
are well developed (tun.c.). 

In a later patella (Text-fig. 6) from a child 1,4 years, many of the branches 
of the canals have disappeared so that those that remain are relatively thinly 
distributed. But even at this advanced stage several short, apparently young 
canals (yng.c.) enter the cartilage from both the anterior and infra-patellar 
surfaces, but they enter more obliquely than do the young canals of earlier 
stages. One large tunnel canal (twn.c.) is found in the part of the model 
illustrated. 

Now the general appearance of these canals suggests at once that they are 
advancing into the cartilage by destruction of the matrix, so that the original 
mass of avascular cartilage becomes supplied with blood vessels. Hintzsche 
(1928 a) attempted to demonstrate this invasion in the cartilage at the lower 
end of the femur. He pointed out that if no invasion takes place, then there 
should always be an avascular core of cartilage corresponding in size to the 
mass that was formed before the canals were developed, and this he failed to 
find. In the earliest patella, however, it will be seen (Text-fig. 1) that the 
distance between the tip of the only canal yet developed and the articular 
surface is about 0-45 mm., and in succeeding ones 0-5, 0-6, 0-5 and 0-6 mm., 
then 1:0 mm. in the newborn foetus and 2-2 mm. in the 1,% years child, are 
free of canals. From these figures it appears that the distance at first increases 
rapidly, then remains for a time relatively constant, and finally increases 
rapidly as the canals become degenerate. It is at once clear that in the patella 
the area free from canals is always as large as or larger than the area of cartilage 
before canals are developed, so that there can be no question here of any neces- 
sity of postulating an invasion of cartilage by the canals. 

Now turning back to re-examine the data available from other cartilages, 
in the lower end of the femur measurements made on my own sections show 
that the minimum distance between the tips of canals entering from the an- 
terior and from the popliteal surfaces is about 0-8 mm. (in a foetus of c.H. 
length 89 mm.). In Hintzsche’s (1928) figure of a femur just before ossification 
has set in there is an area of this size free of canals (Abb. 1), and in a specimen 
showing ossification (Abb. 3) the diameter of the centre is a little larger than 
this. In a 120 mm. c.u. length foetus, again (Hintzsche & Schmid, 1983) before 
canal formation had begun, the neck of the radius, the part from which the 
canals eventually enter the head, measured 0-8 mm. In the next stage examined 
(c.H. length 159 mm.) the neck measured 1-0 mm. but vascularization had 
already begun, giving a minimum measurement of 0-8 or 0-9 mm. for the avas- 
cular area. On the other hand, in the head of the radius of a newborn foetus there 
is a clear space measuring about 1-4 mm. across. Here again then the clear 
area is at least as large as was the cartilage before canals were formed. 

The constancy of the avascular area might, however, be brought about in 
two ways. If the growth of the cartilage itself is mainly appositional by addi- 
tion from the perichondrium and by expansion of the peripheral cartilage only, 
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then the canals may be included passively, but if the whole of the cartilage, 
including its central core, is expanding interstitially, then the cells must be in- 
vading the core so as to reduce the avascular cartilage to its former dimensions. 
The growth of large cartilages by peripheral additions has however been 
established. In growing cartilage there is.a very gradual transition from peri- 
chondrium to cartilage, indicating the derivation of one from the other. The 
fibres of the perichondrium can be followed for some distance into the cartilage, 
and when they become unmasked in the interior of a specialized cartilage their 
arrangement is still perichondral (Dawson & Spark, 1928). Mitoses and ami- 
toses are confined to the perichondrium and to the cartilage just beneath it and 
the articular cartilages (Harris & Russell, 1933; Elliot, 1936). Finally when 
holes are punched in the ears of newborn rabbits, the holes, though they move 
apart during the month following birth, remain stationary during later de- 
velopment, while the ear itself increases several times in size (Retterer, 1900). 

Applying these results to the patella, it would appear that the early growth 
of the distance between the canals and the articular surface is due to an expan- 
sion of the cartilage, and its relative constancy in later foetal life to the absence 
of interstitial growth in the cartilage. There is no need to postulate any destruc- 
tion of cartilage by actively growing canals. 

The internal structure of the canals. The minute structure of the canals has 
been very carefully described by Hintzsche (1928a) and Hurrel (1934). In 
canals from young cartilages (Pl. I, fig. 1) the tissue surrounding the blood 
vessels consists of a fibrous stroma continuous at the base of the canal with the 
perichondrium. The fibres can be traced from the canal into the surrounding 
cartilage. The cells consist partly of elongated cells (elon.c.) similar to those of 
the perichondrium, and partly of round cells (rd.c.) similar to those of the 
cartilage. Hintzsche supposed that the cells advance by destroying the carti- 
lage matrix, leaving the collagen fibres intact but setting free the cartilage 
cells to form the round cells of the canals. If, on the other hand, the canals are 
passively included in the cartilage then all the contents are derived directly 
from the perichondrium, and the round cells can be compared to the transitional 
cells (trans.c.) of the perichondrium which are becoming added to the cartilage. 
Now Hintzsche in his earlier work found no evidence of the transformation of 
canal contents into cartilage, and discounted the work of Kajava, which he 
quoted at great length (Hintzsche, 1928 a), though in his later work (1933) he 
describes the transformation in detail, and there can be no doubt that it does 
occur. 

In the patella the changes can be followed very clearly. In the earlier 
stages the cartilage has the typical hyaline structure, similar to that of the 
femur, but in the newborn foetus (Pl. I, fig. 2) the cells become arranged in 
tracts (ér.) or whorls, giving the appearance of a very dense fibro-cartilage. The 
tips of the canals appear degenerate, and surrounding them are found areas of 
young hyaline cartilage, with closely spaced rounded cells (rd.c.) often in pairs. 
This new cartilage, formed from the canals, can be distinguished in the patella 
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from the older cartilage derived from the perichondrium, but in typical carti- 
lages this cannot be done. In still later stages many of the canal branches are 
completely obliterated (Pl. I, fig. 3, obl.c.), though these canals can often be 
followed through long distances in the cartilage by the clear zone (cl.z.) which 
surrounds the chondrified canal contents. Finally the identity is completely 
lost. Thus there can be no doubt that the canal contents in the later stages of 
growth can and do change into cartilage, and it seems altogether more probable 
that the round cells found in young canals are derived directly from the peri- 
chondrium than that they are cartilage cells loosened by the invading canals. 
The roots of the canals attain a high degree of differentiation, with muscular 
arteries and rich capillary plexuses (PI. I, fig. 4). 

Branched, subdivided and tunnel canals. The branching of canals may be 
due partly to the assimilation of several independent canals so that they come 


Text-fig. 7. Diagrams illustrating the formation of the larger branches of cartilage canals. In the 
first diagram three separate canals are shown, in the second two of these have joined, and in the 
third all are joined to form a single canal with several branches. 


to arise from a single stem (Text-fig. 7), and partly to the remodelling of the 
earlier canals giving the finely branched terminations and recurved branches of 
the older canals. This remodelling can take place partly by the rapid growth of 
the young cartilage just beneath the perichondrium, which elongates the canals, 
partly by internal movements in the cartilage itself, and partly by the injec- 
tion of new cartilage into the old along the course of the canals. This aspect of 
canal growth needs further study. 

Subdivided canals arise by the inclusion of two separate blood vessel systems 
which both supply one canal, forming a double-rooted canal. When the single 
main stem from which both systems are derived comes to be included, the canal 
becomes subdivided (see Haines, 1933, Text-fig. 6). 

Tunnel canals are found only in narrow processes of cartilage where two 
surfaces meet at a somewhat acute angle. They have been described in the 
upper end of the great trochanter of the femur, in the apex of the head of the 
fibula (Haines, 1933), and now in the sharp antero-inferior border of the patella. 
They were not found by Hintzsche (1928a, b, 1933) in the lower end of the 
femur, the upper ends of the radius and ulna, or in the os cacsis where there are 
no such sharp edges between adjacent surfaces covered with perichondrium. 
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Their structure is similar to that of typical canals but the blood vessels can 
be traced from end to end through the canals, and are continuous at each end 
with those of the perichondrium. Now if tunnel canals are formed by invasion 
then two canals growing from different surfaces of the patella must have met 
at their tips and fused, or a single canal must have grown right through the 
cartilage, but there is no evidence in support of either of these possibilities. On 
the other hand if a vessel system at one stage of growth lies in the perichon- 
drium across the tip of the cartilage projection, and the projection then 
enlarges so as to surround the vessels, the structure of the tunnel canals and 
of their vessels is reasonably explained. 

The dark layer in the cartilage surrounding the canal (d.k./.), due to massed 
collagen fibres, has been taken as a sign of the age of the canal. Such layers are 
certainly seen around old canals (PI. I, fig. 4), but since the tunnel canal is a 
young structure, the layer should rather be considered as common characteristic 
of large vessels in old cartilages. 


SUMMARY 


1. The distance between the tips of the canals of the patella and the arti- 
cular surface increases rapidly soon after the formation of the canals, then 
remains fairly constant during later foetal life, and then again increases rapidly 
as the cells become degenerate. The distance between the tips of the canals 
entering from opposite surfaces of the femur and radius remains fairly constant. 
There is no evidence of active growth of the canals through the cartilage. 

2. Growth takes place in the cartilage by interstitial expansion only to a 
small extent, the major part of the growth being by addition of new cartilage 
formed from the perichondrium, and by a rapid expansion of the zone of 
cartilage which lies just beneath the perichondrium. 

8. All the tissues of the canals, including both cells and fibres, are derived 
from the perichondrium. They become included within the canals by the 
formation of new cartilage in the perichondrium around them, are elongated 
by the rapid growth of the peripheral cartilage, and are remodelled by internal 
changes in the arrangement of the cartilage. 

4. Branched canals are formed by the secondary union of originally separate 
canals, which come to spring from a common stem as this is included in the 
cartilage. Double-rooted, subdivided and tunnel canals depend on the inclu- 
sion of a loop of blood vessels within the cartilage, the loop lying over a peri- 
chondral surface or over a sharply projecting process of the cartilage. 
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EXPLANATION OF PLATE I 


Fig. 1. Young cartilage canal from a foetus of c.H. length 85 mm. bl.c. blood corpuscle, elon.c. 
elongated cell, f.p.c. fibrous perichondrium, rd.c. round cell, irans.c. transitional cell. 

Fig. 2. Degenerate canal from a full-term foetus. rd.c. round cell, tr. tract of cartilage cells. 

Fig. 3. Obliterated canal from a 1,’, years child. cl.z. clear zone, obl.c. obliterated canal. 

Fig. 4. Canal from a 1,7, years child, cut longitudinally, showing the central artery. adv. adventitia, 
dk.l. dark layer, ef.v. efferent vessel, mus.c. muscular coat. 

Fig. 5. Tunnel canal from a full-time foetus. dk.l. dark layer. 
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CONTINUITY IN NERVE FIBRES 
By H. H. WOOLLARD 


‘Tue plexuses formed by the issuing spinal nerves, the intra-neural plexuses, 
and the terminal nerve anastomoses either amongst the fibres of the same nerve 
or between the fibres of different nerves are not easily explained. O’Connell 
found in his investigations of apparently simple unisegmental nerves such as 
the intercostals that an intra-neural plexus occurs even within these. The 
interlacement is so extensive and widespread that it seems to exceed by far the 
need for sorting the fibres into appropriate functional groups for the supply of 
skin and muscle. The plexuses encountered in the distribution of the vagus and 
sympathetic seem even more remarkable and more meaningless. 

It is common knowledge that adjacent nerves may interlace and form 
extensive peripheral plexuses. This occurrence in the case of the fifth and 
seventh nerves is mentioned in every textbook. No meaning has ever been 
assigned to these amalgamations beyond a vague reference to some neuro- 
tropistic force acting between the fibres. It has been observed that these 
entanglements become a more pervasive net-like arrangement as the muscles 
of the face become more differentiated. However, lesions of the facial or tri- 
geminal nerve exhibit no feature which suggests that the fibres of these two 
nerves, despite their interlacements, ever actually fuse. 

The conclusion that nerve fibres retain complete independence despite 
intermingling is not seriously challenged by any facts derived from experiment 
or disease, and it has been accepted that these plexuses do not mean nerve 
anastomosis and do not prevent a particular moiety of the body from having 
precise connexions in the central nervous system. 

These things being so, a great restraint is imposed upon any one who 
_ proposes that not merely plexuses but actual fusions do occur in the final 
distribution of nerve fibres. We propose to submit evidence that plexuses occur 
at the body’s surface which may involve continuity between adjacent nerve 
fibres. 


MATERIAL 


The rabbit’s ear is suitable material for the study of such a problem. The 
skin of the inner surface of the ear is thin and covered with fine hairs which do 
not interfere too much with the transparency of the preparation. The skin is 
supported on a firm cartilaginous base and it is easy to cut large thin flat 
sections of skin and use these as whole mounts. 

The other material we would refer to is derived from human skin. The staining 
has been the usual procedures in the use of methylene blue. In the case of the 
rabbit an injection of 0-1 per cent methylene blue in saline was made into the 
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aorta, and, after a suitable interval, previously shaved slices of the skin of the 
internal aspect of the ear were removed, the dye rendered permanent by 
molybdate, the tissue fixed in alcohol, and cleared through benzene into oil of 
wintergreen. 

OBSERVATIONS 


Examination of the preparations made in the way described above discloses 
that in the skin of the ear only two anatomical kinds of nerve ending are present. 


WAR FOLLICLE, 


Text-fig. 1. Schematized drawing to show thick and thin fibres with their different 
endings and destinations. 


One kind may be described as nondescript subepidermal naked terminals, the 
epithet nondescript being used because the ends possess no sort of organization. 
The other kind of terminals converge upon and end in the outer root sheath of 
the hair follicles. 

It is possible to extend these observations upon the two kinds of nerve 
ending further in that it can be affirmed that each belongs to a different kind of 
fibre. The free terminals in the subepidermal region are borne by thin fibres 
while the nerves which terminate about the hairs are borne by thicker fibres. 
This dual distinction in the nerve fibres seems to us as valid an observation as 
that of two kinds of ending. It is true that in preparations such as these one 
cannot take a large number of fibres, measure their diameter and assemble 
them by class frequencies. What is seen is that, when a fasciculus with a small 
number of fibres, say three or more, is examined, there is usually a thin, often 
varicose or irregular fibre obviously quite different in appearance from others 
which are thicker and more uniform. It is not always easy to place a particular 
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nerve in one or other class by examining these preparations, because impreg- 
- nations vary much in intensity and because a fibre may at one moment decline 
in size, but soon again because of better staining regain a full contour. Also 
most fibres do become smaller as they approach their final end and so the point 
at which the nerve is examined may occasion doubt as to the category it 
belongs to. 

Many examinations have been made on nerves with the object of grouping 
them according to their diameters (Haggvist, etc.). It has been observed that 
diameters diminish as the nerves pass to the periphery, but as this affects all 
nerves to somewhat the same extent, comparisons are still valid. Of more 
immediate interest is the fact that anatomical observers using the best 
technique have come to the same conclusion, namely that nerves measured by 
their diameters fall into two large groups and only two. This observation 
throws much doubt on the functional classification of nerves by speed of 
conduction which is said to be directly proportional to the diameter of the 
fibre. Our own observations in this matter have been made upon small nerve 
fasciculi after they have pierced the deep fascia, when presumably the nerve 
is sensory except for the presence of some sympathetic fibres. These, however, 
being at this point non-medullated, do not disturb the observations, since one 
is measuring the diameters of medullated nerve fibres only. Careful transverse 
section of such nerves have been made, and stained with osmic acid, then 
enlarged 1200 times by photography, squared up, measured and counted as one 


counts red blood corpuscles. The results were as stated above. There are only 
two frequency groups. Thus, we are suggesting that in the rabbit’s ear we 
discover only two kinds of nerve ending, two sizes of nerve fibres at the peri- 
phery, and that when one measures nerve fasciculi near or far from their 
origin, then again one finds that according to diameter nerve fibres fall into 
two groups only. 


DETAILS OF THE ENDINGS 


The fibres which terminate on the hair follicles enter from all possible sides 
as well as from superficial and from deeper levels. Upon reaching the hair 
follicles they form a palisade-like investment of the follicle by upward and 
downward extension, and out of this investing mesh neurofibrillae pass to form 
disc-like expansions in the outer root sheath. (See Pls. I and II, figs. 1-4; 
Text-figs. 1-3.) 

The number of fibres reaching a hair follicle vary in number, but five or six 
is common enough. As already remarked, they reach the follicle from every 
side, and this manner of distribution raises the question as to whether these 
fibres come from different sources. Clearly the method we have used so far is 
incapable of deciding between collaterals of the same stem fibre and fibres 
which are members of entirely separate neurones. This question is propounded 
in accordance with our present conception of neurones. It is believed that a 
specific nerve ending subserving a specific sensation will remain distinct from 
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all others, and thus if two such neurones were by their collaterals to terminate 
in such a way that their endings overlapped, localization and the discrimination 
of two points might be explained by such an anatomical arrangement. Later, 
evidence will be discussed which might lead one to suppose that the problem is 
different from this statement of it. 

The terminal subepidermal endings of the thin fibres are something distinct 
from the neural apparatus just described. In their full distribution they 
become separated in their courses from the nerve fibres which enmesh the hair 
follicles. The most common way of ending is for the terminals to grow finer and 

‘finer, and eventually pass as it were beyond the range of vision. The precise 
place of termination is not easily made certain by this kind of preparation, but 
it is believed that such endings are most abundant just below the epidermis, 
while a few endings may reach the deeper layers of the epidermis. 


THE TERMINAL PLEXUS 


The terminal plexus is formed by fibres which enter from deeper parent 
trunks. In this terminal plexus both the thick and thin fibres are present. 
Soon, however, these two separate and each forms its own final distribution. 
' PL I, fig. 1 is a photomicrograph, at a magnification of 42 times, of the rabbit’s 
ear and shows the existence of a terminal plexus. The portion of the plexus 
which is shown in firm outline is the deeper, and the more faint portion is lying 
nearer to the surface. Both portions are in continuity with each other, and the 
deeper one is obviously giving origin to the more superficial. Four hair follicles 
are visible in the section and these are seen to be surrounded by the mesh of 
the nerve fibres. 

Pl. I, fig. 2 exhibits a portion of the plexus in which the mesh is at a slightly 
higher magnification ( x 60) than the preceding illustration. Further, in this 
photograph the superficial plexus is brought into focus and the deeper plexus 
now appears to be a little more indefinite. The continuity of all this meshwork 
from side to side as well as from superficial to deep is quite clear. The rich 
investment of the hair follicles is also apparent, for in the follicle on the left 
of the picture there is a very large number of fibres from both the superficial 
and deeper parts of the mesh and coming from all angles surrounding the 
sheath of the follicle. In fig. 3 a further view of the mesh and the mode of 
supply into the hair follicles is shown. 

The behaviour of the fibres while they form part of this terminal plexus is 
of interest, and in fact is so unexpected, at least to the writer of these comments, 
that what he saw gave him his title for these observations. 

Pl. I, fig. 4 illustrates by photomicrography a section of this terminal mesh. 
In these photographs, which have been taken separately and then pieced to- 
gether, it is clear that a meshwork has been formed in the neighbourhood of 
the hair follicles around which some of the fibres are about to terminate. This 
mesh persists and involves these fibres even as they approach their destination. 
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Text-fig. 2. Drawing of the terminal plexus of nerves which innervate the hair follicle and the 
skin in between the follicles, from the ear of the rabbit. Note the plexiform arrangement, the 
endings on the hair follicle and the free endings and the two kinds of nerve fibres. x 133. 
Methylene blue. 


Text-fig. 3. This is similar to Text-fig. 2, but the magnification is greater. x 266. 
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When the constituents of the mesh are examined closely it is seen that for the 
most part they are contained within a single continuous medullary sheath. 
Ordinarily the myelin and neurilemmal sheaths of nerves are not made visible 
by methylene blue, and we are fortunate that in this instance they are suffi- 
ciently visible to establish the fact that the conducting elements of the nerve 
are contained within a single continuous sheath. The presumed conducting 
elements are stained clearly enough to enable them to be inspected for relatively 
considerable distances. Within the sheath, whose nodes of Ranvier are easily 
seen in places, the axis cylinders are sometimes single or multiple—even up to 
four strands of varying distinctness can be counted. If we examine closely the 
right half of the mesh we can follow the individual strands. At the lower right 
angle marked (A), where the mesh is linked to elements not shown in the 
picture, two axis cylinders are seen each dividing into two branches which 
proceed upwards and downwards in the mesh. When they are followed 
upwards two branches leave the mesh to enter the neighbouring hair follicle. 
The ascending limb continues upwards and at first is single, but soon the sheath 
contains several neurofibrils which can be seen to arise from the single fibre. 
When the top is reached a cross-connexion which links this part of the mesh 
with another part is met with, and in the junctions here a fibre dividing into 
two enters into the mesh. This process is repeated at each angle so that an 
incoming or a leaving fibre divides and sends off each subdivision into the 
elements of the mesh and, as far as one can see, the process goes on indefinitely 
over a large area of the body. 

As can be seen, the loops of the mesh are of different sizes. The smaller loops 
occur where terminals leave the mesh and are about to end in the hair follicles. 
Also it is clear from the photograph that the mesh is not all in the same plane, 
and here and there parts of it are out of focus because of the different levels. 

Within this mesh it is believed that actual fusion of neurofibrils occurs and 
that a true anastomosing network of terminal nerve fibres is present. We 
believe a real fusion of fibres occurs (1) because these neurofibrils are contained 
within a common nerve sheath, and that therefore they must, in any case, 
whether fused or not anatomically, behave physiologically as if they were: 
(2) in order that the number of fibres within the nerve sheath should remain 
constant, as many fibres should leave the mesh as join it. If one counts the 
number of fibres formed at the side connexions of the mesh and running into 
the mesh, and at the same time counts all the subdivisions which are to be 
found in the mesh, the results do not agree. Indeed, there should be a great 
many more fibres running into the mesh than there are. For instance, at the 
angle on the right labelled (4), two branches go to the adjacent hair follicle, 
and by dichotomy two branches at least are directed downwards in the mesh. 
A faint third branch can also be detected. These proceed towards the angle 
labelled (B). Here another dichotomy adds two more branches. So that at this 
angle there should be at least five branches if all retained their individuality. 
At most three can be seen. If the actual fibrils themselves be followed it is 
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difficult not to persuade oneself that the more pronounced fibril which can be 
seen descending from (A) does not join with the ascending fibril coming from the 
angle (B) by the dichotomy of a fibre which is also well impregnated with stain. 
From the many different angles of the plexus fibres pass towards the hair 
follicles. These, however, intertwine with one another and weave a subsidiary 
plexus before they enter the outer root sheath of the follicle. Our pictures are 


Text-fig. 4. Genital corpuscle of rabbit showing two kinds of nerve fibre. The larger is associated 
withthe corpuscle and the finer fibre forms free endings and also ends about the corpuscle— 
so-called accessory fibre. x 475. 


not good enough for us to decide whether any fusion of fibrils occurs in this 
terminal mesh. The technical difficulties of proving neural continuity beyond 
all doubt are very great. The photomicrograph here adduced is of course 
imperfect. Though it seems hard for us to escape from accepting anatomical 
continuity, yet escape may be claimed on the ground that the method does not 
disclose all the nerve fibres actually present. Anyhow, it does seem beyond all 
doubt that nerve fibres entering the mesh from different points are contained, 
sometimes as single and sometimes as multiple fibres, within one and the same 
medullary and neurilemmal sheath. 

Further pictures of the cutaneous endings of the rabbit are presented to 
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show that the above description of a terminal plexus in which fusion takes place 
is not invariable for the whole body of the rabbit. Text-fig. 4 illustrates the 
kind of innervation which is met with in the external genital region of the 
rabbit. Alongside the well-known genital corpuscle of Krause, which is borne 
on the end of a thick medullated fibre, there is a second thin varicose fibre 
accompanying the thicker fibre. It leaves and rejoins the larger fibre and finds 


Text-fig. 5. Drawing by camera lucida showing a plexiform arrangement with two kinds of fibre 
and special (?) tactile end organs in the lip of the rabbit. x 200. 


often the opportunity of giving off terminal fine varicose threads which lose 
themselves in the adjacent tissue. Often enough one of its terminals may end 
on the capsule of the corpuscle or it may enter its interior. These are accessory 
fibres of several authors. The same sort of arrangement (Text-fig. 5) is displayed 
in the case of the highly organized endings from the lip region. Here again a 
coarser fibre carries the more highly organized ending, and the finer fibre is a 
member of the same mesh, and from the mesh sends out the same tiny varicose 
endings. 


COMPARISON WITH HUMAN SKIN 


So far the discussion has been confined to the innervation of the skin of the 
rabbit. In man, the same distinction between thick and thin fibres can easily 
be made and both exhibit a tendency to intertwine. Often we have examined 
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the components of these large and loose meshes and followed them over long 
distances. We have never had occasion to regard their larger constituents as 
forming any sort of protoplasmic union. This, however, does not apply to the 
terminal plexus made of the finest varicose fibres. Here again a mesh occurs 
from which endings pass into the subepidermal tissues and end there by 
passing beyond the range of visibility. Within the mesh (see Text-fig. 6) it can 
be seen the fibres do join and fuse with each other, and so there is formed here 
a continuous neurofibril reticulum. This sort of plexus extends over a wide area 
and gives one the impression of covering the subepidermal level of the surface 


Text-fig. 6. Drawing to show terminal plexus in human skin. It shows continuity of fine varicose 
fibres in the plexus as well as free endings. x 330. 


of the body. The contrast between man and the rabbit affects then the arrange- 
ment and kind of reticulum rather than the kind of fibres and endings which 
occur. A close mesh with actual protoplasmic continuity of neurofibrils is 
thought to occur in man, but is present only amongst the finer fibres which 
form the delicate subepidermal plexus. 

The twofold arrangement in nerve elements seems then a generalization that 
fits both man and the rabbit, and we know from studies made by ourselves 
and others that the two-class i aa of fibre diameter is common to a large 
number of animals. 
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COMMENT 

Apart from the special form in which Head cast the dual theory of the 
nervous system, all those who have concerned themselves with comparative 
neurology have been impressed by the twofold aspect of the nervous system, 
and have employed some such terms as vital and gnostic, dyscritic and epi- 
critic, palaeo- and neo- and so forth to express their conceptions. It is tempting, 
without making any precise assertions about functions, to suggest that the 
primitive system is characterized by the fine varicose endings, with the sub- 
epidermal position these endings emerging from a terminal reticulum in which 
occurs a protoplasmic continuity. The system of coarser fibres has emerged 
from this and become superimposed on it by subsequent evolution, pre- 
sumably creating additional categories of cutaneous sensation. In the primitive 
mammal it, too, forms a close terminal reticulum in which physiological and even 
anatomical continuity of nerve fibres occurs, but in the higher forms this mesh 
is less close, and there is no longer any evidence of neurofibrillar continuity. 
The new categories added, some soon and some late, give special biological 
significance to certain cutaneous areas, e.g. lips, muzzle, genital skin, etc. 

It may seem that this notion of continuity creates certain physiological 
difficulties. We are suggesting that these continuous meshes extend widely over 
the body and thus far beyond the limits of any one nerve fibre. We cannot 
prove this, but direct observation does show that they are most extensive, and 
we cannot see any gap or change which suggests that one has come to the limits 
of a particular nerve fibre. 

The difficulty is, of course, that this continuity conflicts with current con- 
ceptions of the neurone theory. A nerve impulse started in this reticulum 
presumably could wander far beyond the limits of any one neurone and thus all 
hope of specificity or localization would be lost. In theory there would be from 
the above observations no reason why the impulse should not spread over the 
whole body. It should be pointed out that these continuous reticula are common 
in the autonomic nervous system. We have seen them in the tunica media of 
blood vessels, and Boeke and Stéhr and others have described them repeatedly 
as the sympathetic reticulum. Only a little while ago Boeke, working on the 
innervation of the iris and ciliary body, categorically asserted the presence of 
continuity in the terminal plexus. 

It is not certain that these observations do conflict with the neurone theory. 
We tried to find out how frequently a nerve fibre must divide in order to cover 
the structures to be innervated in the ear of the rabbit. To do this we selected 
an area of skin in which a single fasciculus of nerve fibres passed from one 
margin to the other and no other nerves entered the field. The bundle lost 
186 fibres in crossing the field, and these when plotted against the number of 
hairs in the field gave us one nerve fibre to 40 hairs. If we assume that the 
same numbers of fibres are used up in innervating the skin between the hairs, 
and if we take five as the ordinary number of branches to a hair follicle, then 
one nerve fibre has to furnish in this small area about 400 branches. We 
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suggest that this demand for subdivision is met by the growth of a continuous 
neurofibrillary reticulum in the dermal region of the body. The pattern thus 
formed is like the continuous capillary bed of the body fed by the arterial 
system. Unfortunately, the extinction of the flow of blood in a capillary bed 
from interference with a so-called end artery does not help us to explain how 
extinction occurs in our corresponding neurofibrillary plexus. 

In the autonomic nervous system, where the continuity of the terminal 
plexus is a familiar idea, nevertheless the system is not robbed of all power of 
localization. Extinction of impulses must occur. Recent studies of nerve 
potentials in the conducting system of the central nervous system and in the 
cortex draw attention to the extraordinary reinforcement that takes place as 
nerve impulses ascend. The movement of a single hair in the cat’s skin brings 
about a tremendous outburst of impulses in the thalamus. This suggestion of 
peripheral recruitment on the one hand, and precision in localization on the 
other, might perhaps be postulated as the evolutionary swing which has 
occurred in the differentiation of cutaneous sensation, and the anatomical 
contrasts between the innervation of the skin in the rabbit and man, one aspect 
of which has here been discussed, may be the anatomical counterpart of such 
an evolution. Since we have described an anatomical arrangement of nerves 
which theoretically permits conduction in all directions all over the surface of 
the body it is perhaps incumbent upon us to explain how the extinction of 
nerve impulses comes about. We are no more able to do this than anybody 
else. Separation of nerve fibres may prevent spread from one fibre to another 
at the periphery, but even the utmost fidelity to the neurone theory offers 
no ready explanation of why a nerve impulse once started should not go 


round and round. 


SUMMARY 
1. Evidence for a primitive mammalian innervation which consists of thick 


and thin fibres has been given. 
2. In a general area such as the skin of the rabbit’s ear the thick fibres 
innervate the hair follicles and the thin form the subepidermal innervation. 


3. Both systems form terminal plexuses. 
4, In these terminal plexuses in the rabbit it is believed that there is visual 


evidence (see Pl. II, fig. 4) of physiological and anatomical continuity of the 


neurofibrils. 
5. The final endings emerge from the fibrils of the terminal plexus. 


6. The differences between general and special cutaneous area of the rabbit 


are described. 
7. The differences between the general cutaneous area of man and of the 


rabbit are described. Continuity of neurofibrils is found in man only in the 
fine subepidermal plexus. 


I wish to thank Miss Zita Stead for her help throughout this investigation. 
The drawings are her work. 
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EXPLANATION OF PLATES I AND II 
PuatE I 


Fig. 1. Photomicrograph of the skin of the rabbit’s ear. x 35. Gives a general idea of the plexiform 
arrangement, The deeper portion is in focus; the more superficial fainter part is less in focus. 
Note the apparent continuity in the fibres of the mesh. 

Fig. 2. The terminal plexus photographed at slightly greater enlargement. x 50. The superficial 
plexus is now on focus. It emphasizes the continuity of components of the mesh. Source and 
method as previously. 

Fig. 3. Photomicrograph of the terminal plexus. x70. It shows more detail of the many fibres 
reaching the outer sheath of the hair follicle. It also shows the detail of the loops in the plexus. 
Source and method as previously. 


IT 


ig. 4. Photomicrograph of the actual fibres in the mesh of the plexus. x 216. It suggests the 
continuity and fusion of neurofibrils because the myelin sheath with nodes is single; because 
although there are many subdivisions of fibres there is no corresponding increase in the 
number of fibrils within the myelin sheath; and also because fusion can actually be seen 
(between A and B for example). 


491 


THE LYMPHATICS OF THE STOMACH 


By J. H. GRAY? 


Department of Anatomy, University College, London 


MATERIAL AND METHOD 


"Tue method by which the results described in this paper were obtained was 
as follows: 

A suspension of a barium salt in water at room temperature (20° C.) was 
injected into the ascending aorta of several human foetuses which were esti- 
mated to be about 6 months old. The foetuses were all stillborn, and the 
injections were made about 24 hours after birth had occurred. For the greater 
part of this time the specimens were kept at room temperature, though they 
had been in an ice-chest before being sent from the hospital to the anatomy 
department. There was in some cases a preliminary warming of the foetus 
immediately before injection by immersion in hot water (about 45°C.) for 
15-20 min. But equally good results were obtained when this was omitted. 
Also in some cases the abdominal cavity was opened just before injection for 
another purpose. In these cases there was some unavoidable handling of the 
upper abdominal viscera such as the stomach. It is perhaps important that the 
best results, as far as the lymphatics were concerned, were obtained with those 
foetuses in which the viscera were handled somewhat just before the injection 
was made. 

Each injection was made at a pressure of 14 atmospheres, the pressure 
being maintained for a time varying from } to 1 min., and the venous blood 
being allowed to escape through the incised auricles of the heart. 

On examining the abdominal cavity after the injection it was found that 
besides the usual filling of the arteries with barium, there was displayed a good 
picture of the subserous plexuses of lymphatics in the upper abdomen, under 
the peritoneum particularly of the liver, stomach, and diaphragm. The 
lymphatics in certain other regions such as the scalp were also well filled. The 
lymphatics with their valves could be readily distinguished from the arteries 
in spite of the fact that both were filled with the same material. The viscosity 
of the barium suspension was such that practically none of it entered the 
capillaries of the blood vascular system, and so the veins were free from it. 

The lymphatics were all somewhat distended with the barium, so that their 
valves with the accompanying constrictions and dilatations of the vessel wall 
were well seen. (Pl. I, figs. 2 and 4 are photographs of the formalin fixed 
material taken before it was cleared by the Spalteholtz method.) 


1 Assisted by a grant from the British Empire Cancer Campaign. 
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DISCUSSION OF METHOD 


It is known that certain substances will reach the lymphatic vessels when 
injected into the arterial system. For instance, Sappey (1) injected silver nitrate 
solution into the arteries, and thereby succeeded in marking the lymphatics, 
so that he could subsequently distend them by a direct injection of such a 
substance as mercury. Also Mall(2) pointed out that it has long been known 
that one can fill the lymphatics in the substance of the liver by injecting either 
the portal vein or the hepatic artery with an injection mass. This fact led both 
Mall and Lee (3) to leave open the question of the existence of direct lymphatico- 
venous anastomoses in the liver. Whatever one may think about direct con- 
nexion of lymphatics with blood vessels in the liver, there is no doubt of the 
anatomical independence of the two systems in other viscera such as the 
stomach. Sappey’s use of silver nitrate is also not directly comparable to the 
method described in this paper, for he was dealing with a diffusible solution of 
a simple salt, whereas the injection mass I have used is a suspension of particles 
well within the range of ordinary microscopic visibility. 

It is generally agreed that there are no stomata connecting the lymphatic 
vessels directly either with the tissue spaces or with the blood vessels, at least 
in such tissues as the skin and alimentary canal. My own observations both in 
this and in much other tissue have led me to support the generally accepted 
view. One concludes, therefore, that the barium in these specimens found its 
way into the lumina of the lymphatics by rupture after it had already been 
extravasated from the arteries. The high pressure of the injection into the soft 
tissues of the foetus also inclines one to this view, and a closer study of the 
material confirms it. 

The extravasations could either be large ones around the lymphatic trunks, 
in which case the filling of the lymphatic plexus would be a retrograde one 
against the direction of the valves; or numerous minute extravasations from 
the finer arterioles within the tissue of the organs, in which case the plexus 
would be filled peripherally and the barium would flow in the lymphatics in the 
direction determined by the valves. On examining serial sections of the 
material ‘very few such minute extravasations, as would be expected, are 
found in the walls of the stomach. But there are several relatively large masses 
of extravasated barium to be seen under the peritoneum of the stomach close 
to the lesser curvature (PI. I, fig. 4). These are in direct communication with the 
filled lymphatic trunks, so I have come to the conclusion that probably this is 
a retrograde filling of lymphatics displaying fully the nature of the plexus in 
certain areas. 

It is known that retrograde injection of lymphatics can be done successfully 
when the main trunks from an area have been tied some time previously to 
cause distension and consequent incompetence of the valves in the lymphatics. 
Otherwise such a method has always been found impracticable (Lee(3)). In this 
work the tissue has been allowed to decompose a little, and this may have 
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assisted in rendering the valves somewhat incompetent. In this connexion one 
may note the considerable distension of most of the lymphatics that have been 
filled with the barium. The distension here shown is to be contrasted with its 
absence when the vessels are filled from the peripheral plexus by injection with 
thorotrast as used by Woollard and Gray or with the Gerota mass. Of course 
once some portion of the peripheral plexus became filled in retrograde manner 
from (say) one or two lymphatic trunks there would be nothing to stop the 
barium flowing in the normal direction of lymph flow into other trunks con- 
nected with the plexus. 


RESULTS 


In the interpretation of the results obtained by this method there are a few 
points of interest. Sections of the material show that both the submucous 
plexus and the subserous plexus are filled, and one can see the beginning of the 
lymphatics of the stomach as fine vessels around the necks of the gastric 
glands (PI. I, fig. 1). The continuity of the submucous plexus throughout the 
different areas of the stomach is confirmed by the sections; the numerous 
draining trunks that pass from this through the muscular coats to the sub- 
serous plexus can also be seen in the sections; and the continuity of the sub- 
serous plexus maintained by Jamieson & Dobson (4) is most definitely proved. 
This latter finding was not that held by the French investigators Cunéo & 
Delamare (5), who stated that there is a very poor anastomosis in the subserous 
plexus between the vessels draining towards the chief groups of gastric lymph 
glands. The photographs in the present paper, which give a much fuller view 
of the subserous plexus than do the drawings of other authors, are free from all 
possibility of subjective error of interpretation, and show how amazingly rich 
the anastomotic part of the subserous plexus really is. It is much richer and 
more extensive than other authors indicate. It may be remarked that certain 
of the operations on the stomach recommended by surgeons are planned on the 
basis of Cunéo’s opinions. 

The second point of interest about the findings concerns what occurs at 
those points where the direction of the lymphatic flow is reversed either towards 
the greater curvature or towards the lesser curvature. From the specimens one 
sees that any one lymphatic vessel which runs across both of the two main 
drainage areas contains two valves at a greater or lesser distance apart and 
facing in opposite directions (PI. I, fig. 3, vessel marked by crosses). This is a 
very peculiar finding, which at once raises questions concerning the develop- 
ment of such a strange mechanism. 

From the Sabin theory (6) of development of lymphatics by sprouting, one 
pictures the early lymphatics growing across the surface of the stomach from 
its two curvatures, the valves directing the flow towards these curvatures, and 
the vessels eventually meeting approximately half-way across the surface 
where their lumina would become continuous. Many vessels would possess 
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The Lymphatics of the Stomach 


Text-fig. 1. Section through subserous plexus of lymphatics of stomach; barium injected; 124 
tangential to stomach surface, oblique illumination. x 142. 


Text-fig. 2. Diagrammatic sketch to indicate the valvular mechanism for reversal of lymphatic 
flow to opposing directions of drainage on the surface of the stomach. 
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near this midline adjacent valves pointing in opposite directions. Thus the 
final picture is readily explained. 

On the theory of local formation of ae vessels from tissue spaces, 
and their subsequent union with large draining trunks previously developed 
(Huntington (7)), it is more difficult to picture what determines the actual site 
at which reversal of direction of lymphatic flow (whose immediate cause must 
be the opposing direction of adjacent valves, as. is proved by the illustrations 
of this paper) occurs in the fully formed lymphatic apparatus, 

In the diagrammatic sketch (Fig. 2) only two lymphatic trunks are shown, 
and the place of reversal is drawn as a very restricted area. In the actual 
specimens, however, the site of reversal covers a wide field in which connecting 
vessels and valves guide the lymph sometimes in one direction and sometimes 
in another. In addition the points of reversal of flow in the large vessels which 
pass right across from one drainage area into another are not accurately 
aligned, thus increasing the area over which change of direction of flow occurs. 


SUMMARY 


1. A method of filling the lymphatics of the stomach of the human foetus 
by injecting the arteries with a barium suspension is described. 

2. The subserous plexus of stomach lymphatics is a rich plexus with an 
extensive anastomosis between the vessels running towards the two curvatures. 

3. The site of reversal of lymph flow on the surface of the stomach covers a 
relatively wide area, and the reversal is brought about largely by the orienta- 
tion of valves. 


The work described in this paper was begun at St Bartholomew’s Hospital 
Medical College, and is being continued at the Department of Anatomy of 
University College under the guidance of Prof. H. H. Woollard. 
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EXPLANATION OF PLATE I 


Fig. 1. 7.S. stomach wall, direct transmitted illumination; Hx and Los. stain, 8 section; x 184. 
Shows intramucous, submucous, and subserous lymphatic plexuses. Note distension of 
lymphatic vessels. 

Fig. 2. Posterior surface foetal stomach showing subserous lymphatic plexus. x 3-5. 

Fig. 3. Enlarged view of portion of Pl. 1, fig. 4. x 12. 

Fig. 4. Anterior surface foetal stomach showing subserous lymphatic plexus. x 3-5. 
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THE INNERVATION AND MORPHOLOGY OF THE 
CERVICAL INTERTRANSVERSE MUSCLES 


By A. J. E. CAVE 
Royal College of Surgeons of England 


"Tue Mm. intertransversarii cervicales are muscles of small practical import- 
ance, mere insignificant bundles or slips divorced from the deep cervical 
musculature by the successive transverse processes, whose cranial and caudal 
borders they connect, and acting as but feeble lateral flexors of the cervical 
spine. Accordingly their detailed anatomy is commonly ignored in standard 
treatises as in dissection. The only modern first-hand accounts of these muscles 
are those of Dunlop Lickley (1904) and Paul Eisler (1912): Bryce in Quain 
(19238) adopts Eisler’s account; most other standard anatomical reference books 
contain but vague, inaccurate, or unreliable descriptions. Nevertheless the 
morphological importance of these muscles is considerable—being particularly 
informative, for example, in the analysis and definition of the cervical pleura- 
pophyseal element, whilst from the systematic standpoint, the homologies of 
the intertransverse muscles in general are as yet ill-understood. They are 
certainly stated in so confused or conflicting a manner by different authorities 
that a general review of the entire intertransverse system becomes imperative 
for their proper understanding. 

The present investigation, therefore, whilst devoted principally to the 
cervical intertransversarii, has perforce embraced the examination (though at 
less length) of the corresponding thoracic and lumbar musculature. The bulk 
of the work was done in the Anatomy Department, University of Leeds, 
1928-30. Six adult necks were submitted to complete scrutiny, and a further 
four to partial examination. Mr P. R. Allison, F.R.C.S., the late Mr P. E. 
Glynn, F.R.C.S. and Dr John Gibson, very kindly checked the observations 
and drawings made during the investigation, besides occasionally themselves 
assisting in the necessary meticulous dissections. 


THE INTERTRANSVERSE MUSCULATURE IN GENERAL 


The name “intertransverse” applied to this segmentally differentiated 
portion of the deep axial musculature is convenient and is established by the 
sanction of traditional usage beyond hope of reform. Nevertheless so purely 
descriptive a term is initially conducive to morphological confusion, since 
“transverse process” admits of different interpretations in the different 
vertebral regions. It may be stated immediately that the intertransverse 
muscles of description are best developed, not between transverse processes 
(diapophyses) proper, but between the costal components of the descriptive 
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‘transverse processes” of the neck and loins: indeed, in these regions only, 
where the diapophysis itself is rudimentary and minimal, are the muscles in 
question retained as functional units and preserved from ligamentous de- 
generation. Their preservation is effected largely by lateral flexion of the 
column; in the thoracic region, in the absence of such lateral movement, the 
muscles have for the most part so degenerated despite the unrestricted develop- 
ment of the true transverse processes (diapophyses). 

Further the term “‘intertransverse”, based upon a fictitious homology of 
‘transverse processes”, implies that these muscles constitute a morphological 
entity: that such is not the case is proved by their detailed vertebral attach- 
ments and, even more emphatically, by their mixed innervation from both 
ventral and dorsal rami of the appropriate spinal nerves. 


THE LUMBAR INTERTRANSVERSE MUSCULATURE 


An analysis of the lumbar intertransverse muscles was first undertaken to 
obtain the key to the general morphological disposition of the intertrans- 
versarii, and to establish a basis for comparison with other vertebral regions. 
In the loins lateral flexion is extensive and forceful; the lumbar intertrans- 
versarii are accordingly well developed and relatively easily dissected. More- 
over on the lumbar vertebra the neomorphic metapophysis (mammillary 
process) is obtrusive as nowhere else in the vertebral column. 

Investigation largely confirmed the accuracy of the previous findings of 
Lickley (1904) who recognized two lumbar intertransverse muscles, a medial 
and a lateral, the latter separable into ventral and dorsal portions. This sub- 
division of the lateral muscle is still unrecognized in most current anatomical 
textbooks (e.g. Quain, Cunningham, Gray). In the present study, however, 
three distinct lumbar intertransverse muscular elements are recognized, 
Table I showing their correspondence with Lickley’s descriptive scheme. The 
three muscles are: 

(I) M. intertransversarius proprius (vel posticus vel dorsalis)—arising from 
the accessory process (diapophysis) and inserting into the next succeeding 
mammillary process (metapophysis). It adheres strictly to the neural arch, is 
innervated by the dorsal neural ramus, and morphologically must be reckoned 
as strictly intertransverse (interdiapophyseal) in nature. 

(II) M. intertransversarius lateralis—arising from the accessory process 
(diapophysis) and inserting into the descriptive transverse process (pleura- 
pophysis). It is innervated by the ventral ramus of the spinal nerve, and is 
morphologically a “levator costae” muscle. 

(III) M. intertransversarius ventralis (vel anticus)—arising from the caudal 
border of one lumbar transverse process (pleurapophysis) and inserting upon 
the cranial border of the next, and therefore entirely interpleurapophyseal 
(intercostal) in nature. It is innervated by the ventral ramus of the spinal 
nerve (see Table I and Fig 1 a). 


Intertransverse Muscles 


Table I. Key to lumbar intertransversarit 


Muscle I II Il 

Descriptive Accessory process— Accessory process— Transverse process— 
attachment mammillary process transverse process transverse process 

Morphological Diapophysis— Diapophysis— Pleurapophysis— 
attachment metapophysis pleurapophysis pleurapophysis 

Nerve supply Dorsal ramus Ventral ramus Ventral ramus 

Name (Lickley) M. intertr. medialis M. intertr. lateralis— M. intertr. lateralis— 

pars dorsalis pars ventralis 
Name (Cave) M. intertr. proprius M. intertr. lateralis M. intertr. ventrali 
(dorsalis, posticus) (anticus) 


Fig. 1. To show disposition of (a) lumbar, (b) thoracic intertransversarii: p.p.d.=dorsal nerve 
ramus; L.C.=M. levator costae; I, II, I1I=the three lumbar muscles. The second figure is 
taken from Frazer (1920). 
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THE THORACIC INTERTRANSVERSE MUSCULATURE 


The thoracic intertransverse muscles, despite local exuberance of diapo- 
physeal development, have largely undergone ligamentous degeneration con- 
sequent upon absence of the functional stimulus of lateral flexion of the spine. 
One such degenerated muscle or “‘ligament” occurs in each individual space. 
It arises from the sharp caudal border of a given diapophysis as a thin sheet of 
ligamentous fibres (sometimes admixed with true muscle tissue) and proceeds 
vertically downwards to its insertion upon the smooth cranial border of the 
next succeeding diapophysis. Ventrally it covers the superior costotransverse 
ligament, the posterior primary division intervening. Medially it extends to 
the articular capsule, the medial branch of the dorsal ramus issuing dorsally 
between the two structures. Laterally its free edge ceases short of the expanded 
diapophyseal extremity and the costo-transverse joint: a gap intervenes 
between this lateral edge and the M. levator costae, and thereby the nerve’s 
lateral branch, with its companion vessels, gains access to the deep dorsal 
region (see Fig. 1b). In the lower thoracic interspaces, the intertransverse 
muscle tissue is commonly preserved: in the higher spaces, there is much 
variation in different subjects, ligamentous fibres alone occurring in some, 
but considerable admixture of muscle ligament in others. Personal in- 
vestigation has found the muscle usually well preserved in the upper two 

‘thoracic spaces. In the few cases determined with certainty, the innervation 
was derived, directly or indirectly, from the medial branch of the dorsal 
ramus. 

These thoracic muscles are obviously interdiapophyseal in nature, and 
correspond morphologically to the Mm. intertransversarii lumborum proprii 


vel postici (supra). 


THE CERVICAL INTERTRANSVERSE MUSCULATURE 


Traditionally the cervical intertransverse muscles occur as paired structures 
(anterior and posterior) in each intervertebral space: it is shown below that, 
actually, three distinct muscle elements are present in each space, as Eisler 
(1912) observed, the posterior muscle of description being of dual nature. It 
is further demonstrated that two morphologically separate muscles occupy 
each cervical interspace, the concept of morphological duality (based on 
innervation) being, however, directly opposed to that of descriptive duality. 

Further, there are descriptively six, but morphologically seven, pairs of 
cervical intertransversarii, not reckoning the space between C.V. VII and 
Th.V. I. Of the former, the first pair occupy the atlanto-axial interval, the 
6th and last that between C.V. VI and VII. Of the latter the first pair are the 
M. rectus capitis anticus minor and the M. rectus capitis lateralis, the anterior 
and posterior muscles respectively of the cranio-atlantal interval. 

At the cervico-thoracic junction a posterior intertransverse muscle de- 
scends to the neck of the first rib from the posterior tubercle of the VIIth 
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cervical transverse process. Its lateral fibres seem to represent the first M. 
levator costae of that series, but the whole muscle is frequently inseparable 
with precision from the scalene mass. A muscular slip occasionally present 
between the VIIth cervical anterior tubercle and the medial margin of the 
first rib (close to Scalenus medius) was thought by Luschka (1869) to represent 
an anterior intertransverse muscle of this space. Eisler, rather curiously, — 
dismisses Luschka’s interpretation, on the grounds of its dorsal relation to the 
VIIIth cervical nerve, and refers it to the scalene musculature, ignoring the 
essential continuity (both structural and morphological) of scalene and 
intertransverse systems. It seems likely that the M. scalenus minimus— 
present in about 65 per cent subjects—represents the anterior muscle of the 
cervico-thoracic interval. 


Table II. Scheme of cervical intertransversarii 


Space Muscle elements therein 


M. intertr. M. intertr. M. intertr. M. lev. 

ventralis lateralis proprius costae 
Cranio-atlantal R. cap. ant. mi. R. cap. lat. 0 
Atlanto-axial 0 Present 0 


C.V. II-III Present Present 
ItI-IV 
IV-V 
V-VI 
VI-VII za 
C. VII-TH. I ? Scal. minimus 


THE ANTERIOR CERVICAL INTERTRANSVERSE MUSCLES 
(1) Of a typical space (see Figs. 2 and 5 d) 


The typical anterior cervical intertransverse muscle is a small flat quad- 
rilateral muscle sheet connecting the opposed borders of the anterior limbs of 
two adjacent transverse processes. It is attached above to the caudal aspect 
of both anterior tubercle and anterior limb of the superior process, and below 
to the sharp cranial border of the inferior, extending from anterior tubercle 
almost to neuro-central apophysis. Both attachments involve the anterior 
tubercle laterally (the sole attachment mentioned by Thane, Piersol, and 
Lickley), but medially the muscle does not reach the anterior longitudinal 
ligament as Eisler states. The muscle fibres are directed slightly caudo- 
laterally: the most lateral ones (those connecting the anterior tubercles) tend 
to form rounded, semi-discrete bundles and to become tendinous at their 
insertion upon the summit of the tubercle. Anteriorly the muscle may show 
continuity with the deeper fibres of the prevertebral musculature, laterally 
with the anterior scalene muscle. Its tendinous fibres, when marked, are 
separated partly by a tiny bursa from the anterior tubercle: another small 
bursa is interposed between the tubercle and the scalene digitation. 
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The relations of the anterior intertransverse muscle are: 

Anterior. Mm. longus colli et capitis. 

Posterior. Vasa vertebralia; n. vertebralis and its occasional rami to the 
branchial plexus roots; ramus ventralis nervi spinalis; its own nerve; that to 
the longus colli (piercing the muscle). 

Medial. Neurocentral lip of vertebra. 

Lateral. M. scalenus anticus and/or M. longus capitis (confluence frequent). 


(c) (d) 


Innervation of M. intertr. ant. 


Fig. 3. 


Fig. 2. Intertransversarii of uppermost three spaces. A1, A*=anterior muscles; P! — P* = posterior 
muscles; N =ventral ramus of spinal nerve; a=anterior, and p=posterior, tubercle of the 
transverse process; 6 =intertubercular lamella. 


Fig. 3. To illustrate the mode of innervation of the anterior cervical intertransverse muscle. 


The anterior muscle is innervated (Fig. 3 a—d) solely and invariably by the 
ventral ramus, which gives off (from its anterior aspect either behind or just 
lateral to the vertebral vessels) a minute slender filament which proceeds 
forwards into the lateral moiety of the muscle’s dorsal aspect. This filament is 
occasionally united in some degree with that to the M. longus colli; 
infrequently it has an early origin and pursues a course medio-ventral to 
the vessels (Fig. 3 6); less often it is double, when the two twigs either pass 
lateral to the vertebrals or (more rarely) pass one on either side thereof 
(Fig. 3c, d). 
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(2) Anterior muscle between C.V. III and axis 


This muscle, often degenerate and feeble, runs cranio-medially from the 
cranial aspects of anterior tubercle and limb of the third transverse process to 
gain a somewhat restricted attachment to the ventral surface of the axis body 
in the region of the morphological anterior tubercle. Cave (1933) has shown 
that the “costal” or “scalene” ridge connecting this tubercle with the massive 
terminal posterior tubercle is produced and occupied by the M. scalenus 
medius. This large axial scalene slip partly overlies the anterior intertransverse 
muscle, and denies it accommodation in the region of the axis anterior tubercle: 
the latter muscle therefore has become a narrow delicate degenerate ribbon, the 
more powerful scalene having usurped both its functions as a lateral flexor, 
and its site of attachment (in part) upon the axis-body. Nevertheless, the 


Ant. mus. to 


Fig. 4. The intertransverse muscles between axis and third vertebra (a) 
and their relation to the spinal nerves (0). 


muscle is constant, and retains the morphological alignment of its inferior 
fellows. It is innervated by the 3rd ventral ramus, either directly, or indirectly 
from a twig to the scaleni (Fig. 4 a, b). 


(83) Anterior muscle between axis and atlas 


This muscle is suppressed (Figs. 2 and 5 b). Though both Ellis (1890) and 
Robinson (1927) describe the 2nd ventral ramus as issuing between posterior 
and anterior intertransverse muscles, no such topographical arrangement 
exists. The atlanto-axial anterior intertransverse muscle should, if present, 
connect the morphological anterior tubercles of atlas and axis—i.e. the minute, 
obolescent eminences on the ventral aspects of their bodies below their 
respective superior articular processes. Dissection, however, fails to reveal its 
presence, even in degenerate form. All that can be found in front of the 
atlanto-axial capsule, and medial to the atlantal slip (when present) of M. 
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scalenus medius, is some dark, soft fibro-fatty tissue, quite obviously not 
muscular in nature. 

Clearly, the atlanto-axial anterior intertransverse muscle has atrophied 
and disappeared from lack of adequate function; if persistent, it could not 
act as a lateral flexor, whilst any potential role as a ventral flexor would be 
altogether beyond its mechanical power. 


Fig. 5. Intertransverse muscles of cranio-atlantal space (a), of atlanto-axial space (6), of typical 
cervical space (c). In (d) are shown the attachments of the cervical intertransversarii and 
their relation to the scalene origins. 


(4) Anterior muscle between cranium and atlas 


This is the M. rectus capitis anticus minor. Its atlantal attachment is 
confined to the part of the atlantal lateral mass above the morphological 
anterior tubercle. Therefrom it extends a little medially, but laterally does 
not attain the origin of the pre-arterial limb of the transverse process. Such 
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attachment is in direct morphological alignment with those of the inferior 
anterior intertransverse muscles (see Cave, 1933, 1934). Laterally the muscle 
is not uncommonly contiguous to its companion muscle—the M. rectus capitis 
lateralis; the 1st ventral ramus sometimes pierces their confluent margins. 
This nerve, at its forward bend over the atlantal transverse process, gives off 
a short stout twig which enters the deep aspect of the muscle in its lateral 
portion—a mode of innervation directly comparable with that of a typical 
anterior intertransverse muscle (Figs. 2 and 5 a). 


THE POSTERIOR CERVICAL INTERTRANSVERSE MUSCLES 


(1) Of a typical space 

The typical posterior cervical intertransverse muscles have much the same 
shape, nature, direction and extent of attachment as their anterior com- 
panions. Each is attached above to the caudal aspect of both posterior tubercle 
and smooth caudal margin of the post-arterial limb of the transverse process, 
below to the medial part of the summit of the posterior tubercle and the sharp 
cranial edge of the corresponding limb along its entire length. Its relations 
therefore are: 

Anterior. Ramus ventralis nervi spinalis; vasa et nervi vertebralia; vasa 
anastomotica of the neural gutter; its own nerve. 

Posterior. Mm. levator scapulae; ilio-costalis, ete. 

Lateral. M. scalenus posticus. 

Medial. Ramus dorsalis nervi spinalis; articular capsule. 

The dorsal ramus courses dorsally, not through the innermost fibres of the 
muscle as Eisler describes, but between the muscle’s medial margin and the 
articular capsule (see Figs. 6 and 8). Twice only was Eisler’s condition en- 
countered (see Fig. 7), the main or medial branch of the nerve passing between 
muscle and capsule, its minor lateral branch piercing the muscle, whose most 
medial fibres were thus embraced by the two nerves. 

The dual innervation of the posterior muscle is interesting and significant 
(Figs. 6 a—f). The lateral fibres invariably receive, on their ventral aspect, a 
fine twig from the ventral ramus, arising lateral to the vertebrarterial foramen. 
The medial fibres are invariably supplied by a twig (or twigs) from the dorsal 
ramus. This delicate filament usually arises from the parent nerve during 
its dorsal course (Fig. 6 a), but may arise therefrom close to, or at, its be- 
ginning from the spinal nerve trunk (Fig. 6 6). Occasionally it springs directly 
from the nerve trunk (Fig. 6 c). Rarely the filament springs from the posterior 
primary division’s lateral branch (Fig. 6 d), or it may be double (Fig. 6 e, f), 
when one of the twigs of supply may enter the muscle’s dorsal surface. 

Eisler (1912) alone has previously observed and recorded this, the correct, 
innervation of the posterior intertransversarii. Lickley (1904) stated definitely 
that “the two intertransverse muscles in the cervical region. ..are supplied 
by the anterior primary divisions”, thus establishing an erroneous tradition in 
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those textbooks which accepted his findings. The present investigation was 
undertaken without knowledge of Kisler’s work, of which therefore it is an 
independent confirmation. The morphological significance of this dual inner- 
vation of the posterior muscle is considered below. 


(2) Posterior muscle between C.V. ILI and axis 


This muscle is in no-way atypical. It is narrower than its inferior fellows and 
tapers somewhat superiorly to gain attachment to the posterior tubercle and 


(e) 


Innervation of M. intertr. post. 


Fig. 6. To illustrate the mode of innervation of the posterior cervical intertransverse muscle. 


post-arterial limb of the axial transverse process. The 2nd ventral ramus issues 
in front of, and the dorsal ramus behind, it. Its dual innervation is manifested 
by the minute twigs it receives from these two nerves (see Fig. 4 a, b). 


(3) Posterior muscle between axis and atlas 


This muscle passes cranially and markedly laterally from inferior to 
superior attachment. Below it springs from the upper aspect of the axis 
posterior tubercle and a small anterior portion of the post-arterial limb of the 
transverse process (lying therefore immediately lateral to the vertebral artery). 
It gains insertion upon the rough under aspect of the expanded atlantal 
posterior tubercle. Its nerve was observed but twice: it arose from the (2nd) 
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ventral ramus, postero-lateral to the vertebral artery, and entered the muscle’s 
medial aspect (see Figs. 2 and 5 b). 


(4) Posterior muscle between cranium and atlas 


This is the M. rectus capitis lateralis. Beyond its occasional confluence 
with the M. rectus capitis anticus minor, no particular observations are 
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Fig. 7. To show occasional division of posterior muscle by the dorsal ramus (p.p.d.) of the spinal 
nerve (figs. a and b), and the course and distribution (figs. c and d) of the articular branches 
of the dorsal rami. 


offered concerning this muscle. Its nerve of supply enters its deep aspect, 
from the first ventral ramus (sub-occipital n.) sometimes obliquely crossing 
the bend of the vertebral artery to gain the muscle (Figs. 2 and 5 a). 
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Fig. 8. The relations of the ventral nerve ramus (a.p.d.) to the vessels of the neural gutter 
and (in a) the innervation of the intertransversarii. ' d 
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From the foregoing observations it is obvious that the typical cervical 
interspace contains three descriptively distinct intertransverse elements: 

(1) the anterior muscle of description, innervated by the ventral ramus; 

(2) the lateral portion of the posterior muscle of description, having a 
similar ventral nerve-supply; and 

(3) the medial portion of the descriptive posterior muscle—innervated 
exclusively and persistently by the dorsal ramus. 

Kisler, on the basis of innervation and topography, named these elements 
anterior, lateral and posterior respectively. The nomenclature herein suggested 
is given in Table III (q.v.). The term “proprius” for those intertransverse 
fibres with dorsal innervation is both justifiable and desirable on morphological 
grounds alone, since such fibres are obviously homologous with the thoracic 
intertransverse muscles, and with the Mm. intertransversarii proprii lum- 
borum. 

Table IIT. Key to cervical intertransversarii 


Posterior muscle of description 


Anterior muscle of 


Muscle description ‘Lateral portion Medial portion 7 
Current texts M. intertr. anterior M. intertr. posterior 
Eisler M. intertr. anterior M. intertr. lateralis M. intertr. posterior 
Cave M. intertr. ventralis M. intertr. lateralis M. intertr. proprius 
(vel anticus) (vel dorsalis) 


INNERVATION OF CERVICAL INTERTRANSVERSARII 


(1) Previous and current conceptions 


A brief review of current standard texts reflects the aforementioned con- 
fliction and dubiety of statement concerning these muscles. Except Eisler 
(1912)—and Bryce (1923) who adopts his findings in Quain—all authorities 
discuss the two traditional (anterior and posterior) muscles only. The anterior 
muscle is said to be innervated thus: 

(a) by the dorsal ramus, according to Thane (1882, 1896), Paterson (1909) 
and Buchanan (1925); 

(b) by the ventral ramus, according to Macalister (1899)—who specifies 
C.N. 2, 8 and 4—Lickley (1904), Bardeen (1907), Bryce (1923) and Lockhart 
(1937); 

(c) by the spinal nerves “at their exit from the foramina” according to 
Testut (1899) and Latarjet (1928); 

(d) no innervation is mentioned by Poirier & Richer (1896), by Thane in 
Ellis (1890), by Parsons & Wright (1912), or by Le Double (1897). 

The posterior muscle is similarly described as innervated: 

(a) by the dorsal ramus, according to Paterson (1909), Piersol (1907) who 
admits, however, that “the matter is at present insufficiently determined”, 
and Bardeen (1907), who definitely gives ‘“‘the lateral branches of the posterior 
divisions” as the source; 
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(b) by the ventral ramus, according to Lickley (1904)—and following him— 
Johnston (1922, 1932, 1935), Howden (1923) and Lockhart (1937) in Gray 
and Cunningham; 

(c) no innervation is mentioned by Poirier & Richer (1896), Macalister 
(1899), Piersol (1907), Parsons & Wright (1912), or Le Double (1897). 


(2) The true innervation 


The correct innervation, already indicated above, is that first described 
by Eisler (1912), adopted by Bryce (1923), and independently confirmed in 
this present investigation. The accuracy of the observations submitted is open 
to corroboration by careful dissection. 


(8) Significance of this innervation 


Each cervical, like each lumbar, interspace contains three topographically 
distinct muscle elements; in both regions the true posterior slip (M. proprius) 
is innervated exclusively by the dorsal nerve ramus, as is the single inter- 
transverse muscle of the thoracic interspace. These posterior muscles form 
therefore an unbroken vertebral series. (For practical purposes the cervical 
fibres could most conveniently be innervated by the neural ventral ramus, 
from the twig to the M. intertransversarius lateralis. Their retention of an 
independent dorsal innervation indicates emphatically their distinct mor- 
phological entity.) Of this vertebral series, the lumbar and thoracic com- 
ponents are quite obviously interdiapophyseal muscles, connecting the true 
morphological transverse vertebral elements: by inference, the cervical Mm. 
proprii are also true interdiapophyseal structures, whence it follows that 
(muscle-migration not being in question) their vertebral attachments are the 
cervical diapophyses themselves. That is, of the descriptive cervical transverse 
process, the medial moiety of the posterior limb is alone diapophysis, not the 
entire limb and posterior tubercle, as commonly held, whilst the lateral 
moiety of that limb must be pleurapophyseal in nature. 

The common ventral innervation of the ventral and lateral cervical inter- 
transversarii indicates the morphological unity of these two descriptively 
distinct elements. Their innervation corresponds to that of the ventral lumbar 
intertransverse muscles and to the thoracic intercostal musculature, the 
ventral ramus itself actually piercing their general plane. Further, since the 
cervical diapophyseal element is occupied by the distinct M. proprius, these 
muscles (ventral and lateral cervical) must be interpleurapophyseal. Hence 
their attachments are pleurapophyseal also. That is, the cervical rib-element is 
represented by the ventral limb of the “transverse process” and the lateral 
half of the posterior limb, together with the posterior tubercle—in opposition 
to orthodox teaching. The so-called costotransverse lamella must be equally 
pleurapophyseal. 
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HOMOLOGIES OF CERVICAL INTERTRANSVERSARII 


The intertransversarii of a cervical interspace therefore comprise (a) an 
interdiapophyseal muscle (M. proprius), (b) an interpleurapophyseal muscle 
(Mm. ventralis et lateralis), (c) no diapophyseo-pleurapophyseal muscle. 

On the basis of correct innervation and vertebral attachments, the homo- 
logies of these muscles become unmistakably clear, as shown in Table IV. 
Thus: (a) The anterior (ventral) and lateral cervical intertransversarii cor- 
respond to the Mm. intercostales, subcostales, etc. of the thorax, and to the 
Mm. intertransversarii ventrales of the loins. (b) The Mm. intertransversarii 
cervicis proprii correspond to the thoracic Mm. intertransversarii, and to the 
lumbar Mm. intertransversarii proprii. (c) The lumbar M. intertransversarius 
lateralis, homologous with the thoracic M. levator costae, is unrepresented in 
the neck, save in the space between C. VII and Th. I. 

In view of the clarity and harmony of these proposed homologies, it is 
instructive here to review some of the erroneous statements still current on 
the question, as illustrating the confusion inevitably following a lack of 
adequate knowledge of intertransverse attachments and innervation—the sole 
possible basis for the construction of homologies. 


Table IV. Homologies and proposed nomenclature of intertransverse 


musculature 
Inter- Diapophyseo- Inter- 
pleurapophyseal pleurapophyseal diapophyseal 

Region musculature musculature musculature 
Cervical M. intertr. vent. Absent M. intertr. proprius 

M. intertr. lat. (? pres. C.V. VIT) 

Mm. scaleni 
Thoracic M. intere. int. Mm. levatores costarum Mm. intertransversarii 

M. intere. ext. 

M. subcostalis 

M. triangularis 
Lumbar M. intertr. ventralis _‘M. intertr. lateralis M. intertr. proprius 
Nerves Ventral rami Ventral rami Dorsal rami 


CURRENT ERRONEOUS HOMOLOGIES OF INTERTRANSVERSARII 


Note. The terms employed by the several authorities for the different 
intertransverse slips have been translated into the terminology proposed and 
employed in this study. Many textbooks attempt no homologization. (R =cor- 
rect; X =incorrect, homology.) 


Miiller, J. (vide Young): 


M. cerv. vent. = ? 
M. cerv. lat. | =Thor. intertr. lig. =M. lumb. proprius (X) 
? =M. lev. costae =M. lumb. lateralis (X) 
Bruce Young (1889): 
M. cerv. vent. =M. interc. int. |=M. lumb. lateralis (R) 
M. cerv. lat. =M. lev. costae =M. lumb. lateralis (X) 
= Lig. intertr. thor. =M. lumb. proprius (R) 
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Bland-Sutton (1897): 
? =M. lev. costae §=Lumb. radiating fibres (X) 
Macalister (1899): 
M. cerv. vent 
* + =Mm. intercostales=Lumbar inter.mm. (? R) 
(indefinite) 
Lickley (1904): 
M. cerv. vent. =M.interc,int. = ? (R) 
M. cerv. lat. =M. intere. ext. |=M. lumb. ventralis (R) 
? =M. intertr. thor. =M. lumb. proprius (?) 
(interarticularis) 
? =M. lev. costae =M. lumb. lateralis (R) 


(Lickley thought the M. levator costae to be possibly represented in the posterior cervical 
muscle, but admitted the impossibility of its separation.) 


Johnston in Gray (1932, 1935): 


M. cerv. vent. =“ Not represented elsewhere” (!!) (X) 
M. cerv. lat. =M. thor. intertr. =M. lumb. ventralis (X) 
Bryce (1923): 
M. cerv. vent. _ (R) 
tony } =Mnm. intercostales= ? 
? =M. lev. costae =M. lumb. ventralis (X) 


Concerning the cranio-atlantal interspace, it is obvious that the M. rectus 
capitus lateralis corresponds, as Eisler and Bryce agree, to the M. inter- 
transversarius lateralis only of the typical cervical interspace: a proprius 
element is wanting between skull and spine, as between atlas and axis. 
Bland-Sutton (1897) regarded the suppressed cranio-atlantal proprius element 
as represented by the Lig. occipito-atlantale laterale, which was thus in series 
with the thoracic Ligg. intertransversarii: the suggestion is ingenious, but 
unimpressive, since the occipito-atlantal ligaments are clearly local articular 
specializations, of functional, rather than morphological, significance (see 
Cave, 1984). 


DEVELOPMENTAL ORIGIN OF CERVICAL INTERTRANSVERSARII 


Lewis (1910) has described the ontogenetic development of the human 
intertransversarii, though but sketchily. In human embryos about 9 mm., the 
cervical myosepta begin to disappear and a subsequent cranio-caudal fusion 
of the myotomes produces the myotome-column (11-12 mm. stage). This 
column differentiates into the various layers of the true axial musculature, 
whereof the intertransversarii form the deepest and most conservative stratum, 
retaining (with the interspinales, rotatores and levatores costarum) their 
primitive segmental myotomic origin and their primary intervertebral arrange- 
ment. They undergo no migration, whence it may be concluded that the three 
descriptive (or two morphological) muscles of the cervical interspace are laid 
down as definite myological entities: further, that the morphological difference 
emphasized by the dual innervation of the “posterior” muscle is to be ex- 
plained along phylogenetic, not ontogenetic, lines. 

(Bardeen (1900) gives a substantially similar account of the muscles of the 
pig embryo.) 
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The developmental arrangement of the intertransversarii has also been 
touched upon by Keith (1905) and by Bryce (1923). In Fig. 9 is shown a 
modification of Bryce’s diagram, the three descriptive cervical intertrans- 
versarii having been appropriately inserted: the Mm. cervicis proprii belong 
to the true dorsal segmental musculature, the Mm. cervicis ventrales et 


laterales to the ventro-lateral musculature. The primordium of this latter . 


sheet is divided by the issuing ventral nerve ramus into mesial and lateral 
portions. From the mesial portion arise, by differentiation, the prevertebral 
muscles, the M. scalenus anticus, and the Mm. intertransversarii cervicis 
ventrales. From the lateral portion arise the Mm. scaleni medius et posticus 
and the Mm. intertransversarii cervicis laterales. 


Dorsal m.m.. 
Af Int. propr. 


Prevert.-. - Ent. lat. 


Sc. M. & P.. Int. vent. 
WW 


Fig. 9. A scheme (founded on Bryce, 1923) to illustrate the morphological alignment 
and innervation of the cervical intertransversarii. 


The prevertebral, scalene, ventral and lateral intertransversarii reveal their 


common origin both in their ordinal vertebral attachments and in their 
frequent manifestation of fibre continuity. 


SOME INCIDENTAL OBSERVATIONS 


During the investigation of the cervical intertransversarii attention was 
incidentally paid to certain minor anatomical points: (1) the contents of the 
neural gutter, (2) the course and distribution of the posterior primary divisions, 
(3) Cruveilhier’s plexus, and (4) Johnston’s ligaments. 

(1) As shown in Fig. 8 the ventral nerve ramus is commonly, if not in- 
variably, separated from the lateral part of the gutter-floor by a substantial 


Sy. 
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twig from the vertebral artery, and by numerous small veins. These vessels 
pass laterally and slightly backwards: the overlying nerve proceeds laterally 
and somewhat forwards. The nerve cannot therefore be responsible for the 
excavation of the gutter, despite Wood Jones’s teaching. Indeed the neuro- 
osseous contact is most marked at the gutter’s termination. Though the nerve 
issues at an obvious angle to the sagittal plane of the vertebral column whilst 
occupying the gutter, such angle becomes more extreme after it leaves the 
transverse process altogether. It therefore appears that the local musculature, 
and not the issuing spinal ramus, is responsible for the configuration of the 
neural gutter and its margins. : 

(2) Typically the dorsal nerve ramus courses dorsally round the articular 
pillar, medial to the proprius muscle and almost immediately divides into 
medial and lateral (collateral) branches, both of which proceed sharply 
caudally. The 8rd nerve attains the spines of C.V. IV and V, the 4th nerve 
those of C.V. VI and VII. The posterior rami of nerves 6 and 7 commonly do 
not become cutaneous. These findings agree with those of Johnston (1908) 
(see Fig. 7,c). 

(3) Cruveilhier’s posterior cervical plexus is constant, its demonstration 
requiring merely delicate dissection. 

(4) A constant, fairly stout, articular twig is given off by the medial 
posterior nerve branch (Fig. 7c, d), to be distributed to the postero-medial 
aspect of the articular capsule, and to the interlaminar ligaments. 

(5) Occasionally a ligament was found (see Fig. 7c) proceeding from 
articular pillar to transverse process and thus bridging over and protecting 
the dorsal ramus. Johnston (1908), with probable correctness, regards this 
structure as constant. It does not represent a degenerate muscle element, but 
belongs to the same functional category as the diaphragmatic arcuate liga- 
ments. 


SUMMARY AND CONCLUSIONS 


1. A detailed study of the Mm. intertransversarii cervicis confirms the 
accuracy of Eisler’s work, and the inaccuracy of all other former writers. It 
amplifies existing knowledge of these muscles. 7 

2. The current concept of two cervical intertransverse muscles (anterior 
and posterior) is replaced by the concept of three descriptive, or two morpho- 
logical, intertransverse elgments. 

3. The absence of an accurate knowledge of nerve supply, together with 
an erroneous conception of the cervical pleurapophyseal element, has been 
responsible for past confusion in the construction of homologies. 

4. The correct homologies of cervical, thoracic and lumbar intertrans- 
versarii are firmly established on a basis of morphological attachment and 
innervation. There is no cervical homologue of the M. levator costae. 

5. The entire intertransverse system is a functional, not morphological, 
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unit, dependent upon lateral spinal flexion for its preservation, and suffering 
ligamentous degeneration or suppression in the absence of much movement. 
6. An appropriate terminology is proposed for the whole intertransverse 
system. 
7. The cervical intertransversarii afford valuable evidence towards the 
correct definition of the cervical pleurapophysis. 
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THE FOETAL GROWTH OF THE SHEEP 


By H. A. HARRIS 
Anatomy School, Cambridge 


Ir is known that the state of development of the newborn in different species 
varies over wide limits. On the one hand the huge Polar bear gives birth to 
one or two cubs weighing from 1 to 1} lb. each. The bat, on the other hand, 
gives birth to one baby, the weight of which is one-third that of the mother. 
Among the more familiar animals we may compare various forms such as the 
rat or mouse with the guinea-pig, the rabbit with the hare, the cat or dog with 
the horse and sheep. The newborn rat weighs but 5 g.; it is blind, helpless, 
hairless, and entirely dependent on the mother’s milk for 4 weeks. Its skeletal 
development is comparable with that of a human embryo of the 4th month. 
On the contrary, the guinea-pig at birth is a “going concern”, able to see, 
to walk and to maintain its warmth with the aid of a well-developed coat; it 
sucks and eats. 

In comparison with the human babe at birth the newborn mammals may 
range in development from extreme pre-maturity, as in the mouse and rat, 
to extreme post-maturity, as in the lamb. These differences are not due to the 
number of young in the litter, for post-maturity is a feature in both the twelve 
piglets of the sow and the single colt of the mare. Nor is the period of gestation 
a determining factor, for the sheep, goat and pig show a combination of a short 
gestation period with post-maturity of the newborn. Man, in common with 
the great apes, shows a long gestation period with relative helplessness of the 
newborn. 

It may be of interest to consider the rate of post-natal growth in the 
various forms. This rate is not determined by the state of development at 
birth, for the human babe doubles its weight in 6 months, the calf in 47 days, 
while the post-mature pig and sheep double their weight in 14 days and the 
pre-mature rabbit, cat and dog in 1 week. The rate of post-natal growth is not 
determined by diet, although attempts have been made to correlate growth 
with the dietetic value of the milk of the species. Cow’s milk is three to four 
times as rich as human milk in protein, calcium and phosphate. The newborn 
calf doubles its weight in one-quarter of the time taken by the newborn babe, 
but this arithmetical ratio does not apply too closely to the whole mammalian 
species. It was Bunge(1) who first called attention to the close similarity in 
percentage composition between the mineral ash of the newborn and that of 
the mother’s milk—iron alone proving the exception. 

It is difficult to ascribe variation in pre-natal growth to differences in the 
placenta both as regards placental type and transmissibility. In some un- 
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gulates and insectivores there is no erosion of the maternal uterus by the 
chorion of the embryo, whereas in carnivores the erosion has extended almost 
as far as in the primates where the chorionic villi have eroded the decidua, 
connective tissue and endothelium of the mother to such an extent that the 
foetal chorionic villi are bathed in maternal blood. The type of placenta 
cannot be regarded as the determining factor in the pattern of growth of the 
young, for the human haemochorial placenta is closely imitated by the rodents, 
both the pre-mature rat and the post-mature guinea-pig. The placenta of the 
rodents and of the primates, including man, displays senile degeneration, 
proliferative endarteritis, infarction and calcification of the tissues in the 
marginal areas of the vascular territories. 

Neither comparative anatomy nor physiology can afford a satisfactory 
explanation of the stage of development at which the young is born, the rate 
of post-natal growth or the pattern of skeletal development and dentition. 
The recent advances in the study of nutrition and of the hormones of the 
pituitary, Graafian follicle and corpus luteum indicate the need for a return 
to the study of morphology with a view to ascertaining to what extent, if 
any, the behaviour of the newborn is related to the degree of anatomical 
development. 


THE PRE-NATAL DEVELOPMENT OF THE SHEEP 


Through the courtesy of Sir Joseph Barcroft and his co-workers in the 
School of Physiology, Cambridge, it has been possible to examine a series of 
sheep embryos and foetuses from the earliest stages of gestation to term at 
about 154 days. The methods employed have been radiographic, dissectional 
and staining in bulk with madder (alizarin), whereby the bony skeleton is 
clearly demarcated from the cartilaginous. The earlier embryos, under 40 days, 
have been stained for cartilage by Lundvall’s toluidine blue method. 

The earliest distinct centre of ossification to appear in the sheep is in the 
mandible. This centre appears at the 39th day of gestation. In man the 
mandible commences to ossify at the 42nd day, being preceded by the clavicle 
at the 39th day. In the adult sheep, in common with ruminants generally, 
the clavicle is absent, but in the embryo a minute bony clavicle, 3 mm. long, 
is present at the 42nd day of embryonic life, and is absorbed before the 45th 
day. The centre for the mandible in the sheep is rapidly followed by that for 
the pre-maxilla, maxilla, and the tectum posticum which is a bridge of cartilage 
in the position of the future supra-occipital bone. At 41 days eleven pairs of 
ribs are ossified, the rapidity of their appearance indicating the large amount 
of membrane bone therein as previously suggested by Harris(2). At 42 days 
centres of ossification are present in the humerus, radius, ulna and metacarpals 
(cannon bone) of the forelimb; in the femur, tibia and metatarsals (cannon 
bone) of the hindlimb. At 45 days the basiocciput and exocciput commence 
to ossify. The lateral masses of the vertebrae display centres in descending 
order of magnitude from the first cervical to the first sacral, including seven 
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cervical, thirteen dorsal and seven lumbar vertebrae. Centres are present in 
the centra of the vertebrae from the third cervical to the second sacral, 
commencing about the twelfth and thirteenth dorsal and extending cranially 
and caudally. Well-developed centres are present for the scapula, ilium and 
ischium. The basi-sphenoid, pre-sphenoid, frontal and parietal bones are 
partly ossified. 

Thus far the pattern and sequence of ossification in the sheep embryo does 
not differ essentially from the human except in the suppression of the clavicle 
and the development of only two bones in the metacarpus and metatarsus. 
At 61 days it would appear that the growth processes in the sheep are ac- 
celerated. In the vertebral column centres of ossification are present for the 
centra from the first cervical vertebra to the fifth sacral and extend to the 
fourteenth caudal. Centres for the lateral masses extend from the first cervical 
to the fifth sacral. In the breast plate, which consists of seven segments, 
ossification has appeared in the fourth, fifth and sixth segments. In the fore- 
limb centres are present for the first, second and third phalanges of both 
digits; in the hindlimb centres for the os calcis and the three phalanges of 
both digits have appeared. 

At 68 days both the tympanic ring surrounding the drum of the ear and 
the squama of the temporal bone are clearly defined in membrane bone. The 
dental crypts are visible as excavations in the bony alveolus of the upper and 
lower jaws. Five segments of the sternum are ossified. At 73 days the superior 
semicircular canal is heavily ossified and in the sacrum costal elements have 
appeared in bone near the auricular surface of the ala in the first and second 
segments. At 80 days all three semicircular canals are ossified and virtually 
adult in size. All the milk teeth are heavily calcified. A small centre is present 
in the pubis and in the talus. In short, between the 8th and 11th weeks the 
sheep embryo has rushed through its skeletal development to such an extent 
that the skeleton is comparable with that of the human foetus of 22 weeks. 

At 92 days a most precocious event occurs in the spine of the upper dorsal 
vertebrae. Separate bony centres appear in the elongated spines from the 
second to the eighth dorsal. These are the first secondary centres to appear in 
the vertebral column. In man they do not appear until puberty. It should 
be noted that the vertebrae presenting precocious ossification of the spinous 
processes are those giving attachment to the muscles of the scapula and upper 
limb. In the sternum six segments present an advanced stage of ossification. 
In the carpus two small centres are present; in the tarsus two centres have 
appeared in addition to the os calcis and talus. At this stage, in addition to 
the fused third and fourth metacarpals (the cannon bone), ossification occurs 
in the transient fifth metacarpal. This bone is 20 mm. long by 0-5 mm. in 
diameter. There is no trace of a supernumerary metatarsal. 

At 95 days five bones in the carpus and four in the tarsus are ossified. As 
many as nineteen caudal vertebrae are represented by ossification in their 
centra. At 99 days the centre of ossification appears in the distal epiphyses of 
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the femur—the centre which is used so extensively as an index of maturity in 
the human newborn. The supernumerary metacarpal has now disappeared in 
much the same way as the clavicle of early embryonic life. 

At 104 days the anterior arch of the atlas is heavily ossified (Pl. I). The 
distal epiphyses appear in the two fused metacarpals (cannon bone). These 
are the first secondary centres to appear in the manus or pes. At 110 days 
all seven segments of the sternum are well ossified. In the forelimb the distal 
epiphyses of the humerus and radius show considerable ossification and the 
centre for the proximal end of the latter is about to appear. In the hindlimb 
the proximal epiphysis of the tibia is present; two centres have appeared for 
the distal extremity of the metatarsals (cannon bone) and three bones are 
present in the tarsus in addition to the os calcis and talus. At 111 days a 
small centre appears for the head of the humerus and a minute centre is 
present for the small coracoid process. The bar of cartilage interposed between 
the rami of the ischium and pubis is almost obliterated and indicates approach- 
ing union. At 120 days a centre of ossification appears for the proximal end 
of the ulna and ossification commences in the patella. 

At 124 days a marked advance occurs in the vertebral column, for plate- 
like bony epiphyses appear on the bodies of the vertebrae. These extend from 
the third cervical to the fourth lumbar vertebra and have their maximum 
development at about the third or fourth dorsal. The epiphyses for the 
spinous processes which appeared at 92 days have commenced to unite with 
the neural arches and union is complete from the second to the fifth dorsal. 
Thus, epiphysial phenomena associated with puberty in the development of 
the human vertebrae are present in the foetal sheep of 124 days. A large centre 
of ossification is present for the head of the humerus. In the hindlimb the 
distal epiphysis of the tibia is present. In both limbs the two digits have 
epiphyses at the proximal extremities of all three phalanges, those in the fore- 
limb being the more advanced. These phalangeal epiphyses appear in man 
early in the third year. 

At 126 days the conjoined ischio-pubic ramus is completely ossified. Two 
days later a second centre has appeared at the distal end of the humerus 
(internal condyle) and a secondary epiphysis is ossifying at the posterior 
extremity of the os calcis. All these occur in man between the 7th and 11th 
years. 

At 131 days the centre appears for the distal epiphysis of the ulna, for the 
head of the femur and for the tibial tubercle (Schlatter’s). Bony sesamoids 
are present under the distal extremities of the metacarpals and metatarsals. 
At 134-135 days a third centre appears at the lower extremity of the humerus 
for the external condyle. At 187 days the great trochanter of the femur 
ossifies and at 188 days the distal epiphysis of the ulna is distinct. The first 
costal cartilage commences to calcify so that the superior aperture of the 
thorax is relatively fixed. Plate-like epiphyses are present on all five sacral 
vertebrae. A centre appears for the lesser trochanter of the femur and in one 


Anatomy Lxx1 34 


| 


520 H. A. Harris 


specimen ossification is present in the fabella (sesamoid of the lateral head of 
the gastrocnemius), notwithstanding the numerous statements that no sesa- 
moids are found in the neighbourhood of the knee joint in sheep (Pearson & 
Davin) (4). 


ORDER OF APPEARANCE OF OSSIFICATION CENTRES 
IN THE SHEEP (OVIS OVIS) 


Copulation Serial Crown-rump Ossification centre visible — 
ageindays no. length on radiograph 


27 mm. Mandible condensation present 
31 Mandible, maxilla 
39 Clavicle. Mandible, maxilla. Tectum posticum of supra- 
occipital 
40 Ribs 1-8. Humerus, radius, ulna 
40 Supra-occipital. Ribs 1-10 
46 Frontal, zygomatic. Ribs 1-13. Femur 
50 Premaxilla, parietal. 
65 Squamosal and parietal. Lateral mass of cervical verte- 
brae 1-7. Centrum dorsal vertebrae 12 and 13. Third 
metacarpal. Tibia and third metatarsal 
Exoccipitai, basi-occipital, basi-sphenoid. Lateral mass 
dorsal vertebrae 1-13. Centrum dorsal 1—lumbar 4 
Presphenoid, periotic. Lateral mass cervical 1—sacral 2. 
Centrum cervical 2—sacral 3. Scapula; metacarpals 3 
and 4. Ischium, metatarsals 3 and 4 
Manus phalanges 1, 2, 3. Pes phalanges 1, 2, 3. Os calcis 
Tympanic ring (trace of). Sternum four segments 
Nasal bone. Dens of axis (centrum of cervical 1) 
Sternum six segments 
Semicircular canals partly ossified. Fifth metacarpal 
1 em. long. Trace of costal element of sacral 1 
Semicircular canals ossified. Os magnum, hamatum. 
Astragalus 
Anterior arch of atlas. Spines of dorsal vertebrae 2-9. 
Pubis, cuboid 
Auditory ossicles. Five carpal bones; fifth metacarpal 
2 cm. long. Four tarsal bones 
Costal element of sacral 1 and 2 distinct. Secondary 
centre at lower end of femur 
Secondary centre distal end of humerus, distal end of 
radius, distal extremity of metacarpals 3 and 4 
Secondary centre proximal end of radius. Secondary 
centre proximal end of tibia, distal end of metatarsals 3 
and 4. Five tarsal bones 
Secondary centre proximal end of humerus and coracoid. 
Secondary centre distal extremity of tibia 
Secondary centre proximal extremity of ulna. Bony 
union of conjoined ischio-pubic ramus, ossification of 
patella 
Secondary centres epiphysial plates of vertebrae C,-L,. 
Fusion of bony dorsal spines with laminae. Secondary 
centre greater tuberosity of humerus. Secondary centre 
head of femur. Secondary centre proximal end of 
phalanges 1 and 2 in manus, and trace thereof in pes 
Body of hyoid. Secondary centre os calcis 
Secondary centre internal and external epicondyles of 
humerus. Secondary centre tibial tubercle 
Secondary centres of epiphysial plates of vertebrae C, to 
S,. Secondary centre great trochanter of femur 
Secondary centre distal extremity of ulna. Secondary 
centre small trochanter of femur 


36 112 
38 60 
39 104 
40 66 
41 103 
69 
45 122 
46 96 
47 95 
61 102 
64 107 
66 106 1 
68 149 1 
73 6 1 
80 9 
92 14 ‘ 
95 7 
99 8 
104 10 | 
110 11 
111 12 
120 31 ) 
124 16 
i 
128 15 3 ‘ 
130(+1) 18 
131 23 t 
137 21 t 
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BEHAVIOUR IN THE EMBRYO AND FOETUS 


The number of problems suggested by the differences in skeletal develop- 
ment of the newborn lamb and the human babe is infinite. It has been shown 
by Barcroft et al.(3) that even as early as the 36th day (27-29 mm. crown- 
rump length) the sheep embryo will display mass movements on touching the 
nose with a fine glass rod. From the 88th to the 49th days rhythmic trunk 
movements, closely resembling those of normal respiration, are seen. After 
the 50th day these rhythmic movements disappear as a spontaneous pheno- 
menon but can be revived by stoppage of the blood flow in the umbilical cord. 
These early embryonic movements focus attention on the precocious develop- 
ment of the nervous system, and throw considerable doubt on the prevailing 
view that myelinization of the tracts of the spinal cord determines the onset of 
function therein. 

In man it may be permissible to associate certain steps in the pattern of 
ossification of the skeleton with certain physiological events. For instance, 
the first subjective symptoms of early pregnancy coincide with the time of 
ossification in the clavicle and mandible about the 40th day. The first sub- 
jective symptoms of quickening in the mother occur about the 20th week of 
pregnancy when the tympanic ring and semicircular canais of the foetus are 
ossifying rapidly and the internal ear has reached virtually adult size; the 
muscular system is growing rapidly and the vestibulo-spinal tract is mye- 
linating. It is customary in post-natal life to associate the appearance of 
certain centres of ossification with the cutting of the milk teeth, walking, the 
cutting of the first permanent molar (6 years), puberty and adolescence. It is 
difficult to analyse the sequence of events in the lamb, which is born in so 
advanced a stage in accord with its ability to walk, gambol and graze within 
a few hours of birth. In comparison with the human the lamb at 130 days of 
gestation displays in the hindlimb a degree of ossification somewhat akin to that 
of the human of 7-8 years. The development of the vertebral column is still 
more advanced, since the epiphysial plates of the vertebrae are at the same 
stage’as those of the human at puberty. Again, it is tempting to associate 
union of the ilium, ischium and pubis at the acetabulum with the dramatic 
onset of puberty at about 8 months after birth, but it is difficult to fit in with 
this the bony union of the conjoined ischio-pubic ramus which occurs about 
30 days before birth. It is known in man that increase in length of the lower 
limb is maximal in the first springing-up period of the suckling, in the second 
springing-up period associated with eruption of the second dentition and again 
in the third springing-up period of puberty. In post-natal life the femur 
grows more than the tibia and the humerus grows more than the radius. In 
the sheep Hammond (5) has shown that the digits, metacarpals and meta- 
tarsals show relatively little post-natal growth as compared with the bones of 
the more proximal segments. The post-natal growth in the forelimb of the 
lamb is greater than in the hindlimb. The shorter forelimb in the newborn 
34-2 
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may be an advantage from the point of view of suckling, but all four limbs 
need to be well developed at birth in order that the lamb may keep alongside 
the ewe in search of food. The advanced stage of the vertebral column may be 
associated with the great length of the neck and the need for controlling the 
dependent head in the position of grazing by means of powerful muscles. 

The brain weight of the newborn lamb is about 80 g. and that of the adult 
sheep is about 95 g. so that relatively little post-natal growth occurs. This fits 
in with the notion derived from the skeleton of the limbs that the age of the 
lamb at birth is equivalent to 7 or 8 years on the human scale. It is proposed to 
analyse the body weight and brain weights of this series of sheep with a view 
to tracing the changes in the Index of Cerebral Value, as previously done in a 
series of pigs by Harris(6). 


REDUCTION OF ELEMENTS IN THE LIMB 


In a previous brief communication to Nature Harris (7) reported the presence 
of a rudimentary clavicle in the sheep embryo. Ossification occurs in this 
rudiment at 39 days. At 45 days no trace of the bony clavicle is seen either by 
radiographic or staining methods. The presence of a transient fifth metacarpal 
in the forelimb of the sheep was reported at the same time. The problem of 
these transjent metacarpals has since been studied in some detail, both by 
bulk staining of cartilage, bulk staining of bone, and serial sections. 

In a sheep embryo of 40 days a transverse section of the metatarsal bones 
illustrates the manner in which the second and fifth metatarsals are present on 
either side of the third and fourth (Fig. 1 a). Two sections taken more distally 
in the limb (Fig. 1b and c) show the manner in which the second and fifth 
disappear by gradual incorporation in the cortex of the rapidly growing third 
and fourth, which are beginning to fuse along their contiguous surfaces. 

In the hindlimb of a sheep embryo of 45 days the transverse sections 
(Fig. 2 a and b) illustrate certain stages in the burial of the second and fifth 
metatarsals, whilst the latter are in a cartilaginous stage. The absorption of 
the perichondrium of the smaller metatarsals is more advanced for the fifth 
than for the second. 

In the case of the forelimb the process of burial is not only slower but there 
is a marked difference between the pre-axial and post-axial borders, inasmuch 
as the fifth metacarpal actually undergoes ossification so that its disappearance 
is a matter of some time. In sections of the forelimb of a sheep embryo of 
45 days (Fig. 3 a and b) it is seen that the second metacarpal is absorbed 
into the third at a time when the fifth is still distinct from the fourth. The 
fifth metacarpal actually persists and ossifies, appearing as a thin thread of 
bone both in radiographs and in specimens cleared by the Spalteholz method 
(Fig. 4) in embryos ranging from 70 to 95 days. This bony fifth metacarpal is 
about 0-5 mm. in diameter and its length decreases from about 2 em. at 65 days 
to 1 em. at 90 days. It appears to atrophy at the distal end and at 104 days 
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Fig. le. 


Fig. 1a, b and c. Three sections of the metatarsals of a sheep embryo of 40 days showing the 
gradual incorpora’ion of the second and fifth in the cortex of the third and fourth metatarsals 
respectively. 
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Fig. 2b. 


Fig. 2a and 6. Two sections of the metatarsals of a sheep of 45 days showing the stages n the 
absorption of the second and fifth metatarsals in the cannon bone (third and fourth meta- 
tarsals). 


i 
‘ 


Fig. 3a. 


Fig. 3a and b. Two sections of the metacarpals of a sheep embryo of 45 days. The second meta- 
carpal is in process of absorption but the fifth remains distinct from the fourth and later 
undergoes ossification. 


Fig. 2a. 
Fig. 36. 
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the proximal end alone is visible as a small nodule of bone with a much 
attenuated shaft gradually decreasing in diameter distally. At birth the fifth 
metacarpal varies within wide limits and may consist merely of a proximal 
end or of a proximal end tapering away into a shaft even as long as 2-5 cm. 
Its general shape closely resembles that of the fibula of the domestic chick. 

It would appear that in the hindlimb the precocious growth of the cannon 
bone in length and diameter is such in time and extent as to bury the carti- 
laginous second and fifth metatarsals. In the forelimb the growth of the cannon 
bone is such that the second metacarpal is buried by the third whilst in the 
cartilaginous stage, but the relatively slower growth in the diameters of the 
fourth metacarpal is not sufficient to incorporate the fifth. Thus the fifth 
metacarpal undergoes ossification in situ and is oieenty subjected to 
a slow process of atrophy. 


Fig. 4. The forelimb of a sheep embryo of 92 days cleared in oil of wintergreen to show the per- 
sistence of the diminutive fifth metacarpal bone at a time when the second has been com- 


pletely absorbed. 


It is well known that in the even-toed ungulates the second and fifth 
metacarpals display a wide range of variation. In some forms the proximal 
end persists in bone; in others the distal end. Sedgwick(8) maintains that in 
the artiodactyls “‘no traces of the skeletal parts of digits which are totally 
missing in the adult have so far been discovered in the embryo”. It can be 
clearly stated that in the embryonic form of the sheep all four metacarpals 
and metatarsals and the corresponding digits are present in mesenchyme or 
cartilage. The various stages in the reduction of the digits can be traced in the 
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embryo until at the final stage nothing remains but two digits, plus a trace of 
the fifth metacarpal in bone and of the terminal phalanges of the second and 
fifth digits in bone. 

Edgeworth(9) has recently indicated that the important problem in mor- 
phology is to ascertain whether a given structure undergoes atrophy during life 
or whether it has ceased to exist. It is well known that a separate bony costal 
element near the transverse process of the seventh cervical vertebra is present 
in almost all human foetuses. After birth this fuses with the transverse process. 
Occasionally it continues to grow and gives rise to the condition known as 
“cervical rib”. The cervical rib sometimes gives rise to a palsy of the small 
muscles of the hand as a result of pressure on the brachial plexus. The patient 
is not to be regarded as a freak who has grown a new cervical rib, but as an 
unfortunate wh6 has failed to keep the embryonic rib within normal bounds 
by fusion and suppression. Similarly, many of the abnormalities of the hands 
and feet in the quadrupeds are a failure to absorb and suppress various 
elements in the normal embryological sequence, rather than the acquirement 
of additional bony elements in the limbs. 

The process of burial and absorption of the bony elements of ungulates 
may be significant in the study of the distribution of tumours and cysts in 
the limbs, for the sites of embryological happenings may often be the sites of 
pathological changes. Finally it is not without interest that the date of 
ossification in the clavicle of the sheep, the 39th day, is identical with that in 
the human embryo, as is the ossification in the transient fifth metacarpal in 
the 8th to 9th week of foetal life. The divergence in the pattern of ossification 
in the sheep and human forms is negligible in the first 6-8 weeks and becomes 
of rapidly increasing significance, inasmuch as the sheep at birth has reached 
a measure of skeletal ossification which is not reached by man until 7 years 
after birth. The embryological evidence here produced indicates that the 
ungulates have not departed from the common mammalian pattern to such 
an extent as is suggested by the study of fossil forms. 


My thanks are due to Mr J. A. F. Fozzard for valuable assistance with 
the illustrations. 


EXPLANATION OF PLATE I 


Plate I. Radiograph of a lamb of 104 days, crown-rump length 26-5 cm. 
The semicircular canals are heavily ossified. The centre for the distal epiphysis of the 
femur is present and for the distal epiphysis of the cannon bone of the forelimb. 
The precocious bony centres for the spines of the upper dorsal vertebrae are present. 


HARRIS—Fortat GRowTH OF THE SHEEP 


Journal of Anatomy, Vol. LX XI, Part 4 Plate I 
— 
ome 
: 
4 
a 
j 
i 
4 a 
& 


(3 
(: 
(’ 


The Foetal Growth of the Sheep 


REFERENCES 


Bunaz, G. (1874). “Der Kali-, Natron- und Chlorgehalt der Milch, verglichen mit dem 
anderer Nahrungsmittel und des Gesammtorganismus der Siugethiere.” Zeits. f. Biol. 
vol. x, p. 326. 

Harris, H. A. (1933). Bone Growth in Health and Disease, p. 211. London. 

Barcrort, J., Barron, D. H. & Winpxe, W. F. (1936). “The genesis of respiratory move- 
ments in the foetus of the sheep.” J. Physiol. vol. Lxxxvul, p. 56. 

Pearson, K. & Davy, A. G. (1921). “‘On the sesamoids of the knee joint. Part II. Evolution 
of the sesamoids.” Biometrika, vol. xu, pp. 350-400. 

Hammonp, J. (1932). Growth and Development of Mutton Qualities in the Sheep, p. 369. 
Edinburgh. 

Harris, H. A. (1929). “‘A preliminary note on the relation of skeletal ossification in the 
hindlimb to the index of cerebral value of Anthony and Coupin.” J. Ana/., Lond., vol. LX1I, 
pp. 267-76. 

Harris, H. A. (1936). “Atrophy, burial, suppression or total loss in evolution.” Nature, 
Lond., vol. cxxxviu, p. 928. 

Sepewick, A. (1905). A Student's Textbook of Zoology, pp. 579-80. London. 

Epeeworty, F. H. (1935). The Cranial Muscles of Vertebrates. Cambridge. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 


A PRELIMINARY COMMUNICATION UPON THE CERE. 
BRAL COMMISSURES OF THE MAMMALIA, WITH 
SPECIAL REFERENCE TO THE MONOTREMATA 
AND MARSUPIALIA.! 


By G. ELLIOT SMITH, M.B., er Cu.M. (Syp.) 
Demonstrator of Anatomy, University of Sydney 


“The subject requires careful re-investigation, but if the currently received 
statements are correct, the appearance of the ‘corpus collosum’ in the placental 
mammals is the greatest and most sudden modification exhibited by the brain in 
the whole series of vertebrated animals—it is the greatest leap anywhere made by 
Nature in her brainwork.” Hux.ey, Man’s Place in Nature. 


"Tue cerebral commissures of the non-placental mammal present a simplicity 
of arrangement which may be readily understood, so that a study of their 
distribution is likely to throw a considerable amount of light upon the more 
complicated systems of connecting fibres in the brain of the placental mammal. 
The knowledge of the arrangement of the commissures of the proto- and meta- 
therian cerebrum, moreover, must have an important bearing upon the proper 
understanding of the morphology of the brain of all submammalian verte- 
brates, since the Monotremata and Marsupialia form the connecting links be- 
tween the latter and the higher mammals. This tracing of the homologies with 
the Eutheria is all the more important because the common descriptive terms 
have mostly been originally applied to parts of the higher mammalian brain, 
especially that of the primates. . 

During the present year, acting upon the suggestion of Prof. Wilson, to 
whom I am deeply indebted for much valuable advice, I have examined a con- 
siderable number (about thirty) of brains of the monotreme and marsupial 
orders, more especially those of Ornithorhynchus and Perameles nasuta. A know- 
ledge of the gross anatomy having been obtained by dissections of fresh brains, 
the minute anatomy was worked out in serial sections of the whole brain cut in 
coronal, sagittal and horizontal planes. The Weigert-Pal and Golgi staining 
methods were used for most of the work, supplemented by occasional use of 
anilin blue-black. In addition to the above, the cerebrum has been examined 
in the Phalanger, Macropus, koala, kangaroo-rat, Dasyurus and Echidna, and 
compared with those of the rabbit, pig, cat, dog, guinea-pig and mole. From a 
series of foetal specimens of Phalangista of various ages, I was enabled to make 
out many points in the cerebral development. Through the kindness of Prof. 
Wilson and Mr. J. P. Hill, I was enabled to examine some beautifully stained 
series of sections of foetal kangaroos and bandicoots, as well as a very valuable 

1 Reprinted from the Proceedings of the Linnean Society of New South Wales, 1894, vol. 1x, 
pp. 635-57, by kind permission of the Council. 
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series of sections of a foetal Platypus, whose external appearance is described 
in this number of the Society’s Proceedings. For the abundant supply of 
material with which this research was conducted, I am deeply indebted to 
Dr C. J. Martin, Mr J. P. Hill and Dr Meredith, of Raymond Terrace. To Mr 
Robert Grant I am under a deep obligation for much valuable assistance in the 
histological work. 

In the marsupial and monotreme brain the greatest interest centres in the 
unique arrangement of the cerebral commissures, the uniformity of whose 
general plan throughout these orders indicates the close relationship between 
the Proto- and Metatheria, and separates them as a distinct and well-defined 
group from all the eutherian orders. 

This paper is merely intended as a synopsis of that part of the subject 
which relates to the commissures. The complete results of the work on the non- 
placental cerebrum I hope to present to the Society in a short time. 

At an early stage in the development of the non-placental mammal, the 
mesial wall of the prosencephalic vesicle becomes indented to produce two 
parallel furrows, in exactly the same way as occurs among the Eutheria. The 
lower of these two furrows, which extends forwards as far as the foramen of 
Monro and backwards as far as the posterior extremity of the lateral ventricle, 
' is the fisswra choroidea. The upper corresponds to what has been called the 
fissura arcuata (Bogenfurche of Arnoid) in the placental mammal and is co- 
extensive with the lateral ventricle. Included between these two fissures is a 
strip of cortex, which is known as the arcus marginalis (Randbogen), which 
(owing to the deficiency of the cortex lining the fissura choroidea) becomes the 
edge of the cortex cerebri. The fissura arcuata of the monotreme and marsupial 
brain differs from the corresponding structure in the placental mammal, in 
that it persists into adult life as the fissura hippocampi in the whole extent of 
the ventricle, thereby meriting the name of ‘‘ Ammonsfurche” given to the 
corresponding structure in the eutherian brain by Mihalkovics. In the non- 
placental mammal, then, the hippocampal fissure forms a projection—the 
hippocampus—into the lateral ventricle in its whole extent. The fissure, and 
consequently the hippocampus, corresponds in shape with the contour of the 
ventricle. So that in Platypus, where the lateral ventricle has only a small 
descending horn (so small that it was quite overlooked by Hill (1893)), the 
hippocampus and hippocampal fissure present a slight hook-like bend down- 
wards at their posterior extremity. This is shown in a somewhat exaggerated 
manner in Fig. 2hf. In all marsupials the fissura hippocampi (Fig. 1 hf.) 
presents a well-marked curve downwards at the posterior extremity corre- 
sponding to the downward curve of the lateral ventricle to form its descending 
horn. From the arcus marginalis is formed the fascia dentata and from the 
projection into the ventricle the cornu Ammonis, whose histological structure 
closely resembles that of the corresponding regions of the Eutherian brain, as 
described by Ramon y Cajal (1893). The ventricular aspect of the hippocampus 
is covered in its whole extent by the alveus, a layer of fine medullated nerves, 
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Fig. 1. Scheme of a sagittal section through the mesial wall of the cerebrum of Perameles nasuta. 
The alveus fibres represented in a purely diagrammatic manner. 

Fig. 2. Scheme of a sagittal section through the mesial wall of the cerebrum of Platypus. The 
alveus fibres represented in a purely diagrammatic manner. 

Fig. 3. Scheme of a sagittal section through the mesial wall of the cerebrum of a placental mammal. 
The alveus fibres represented in a purely diagrammatic manner. 

Fig. 4. Scheme of the hippocampus as seen in transverse section through the region of its com- 
missures. The cells, axis cylinders and collaterals shown as they are stained by Golgi’s method. 

Fig. 5. Mesial view of “hippocampal region” in pig (foetal) to show the S-shaped bend of the 
hippocampus; only the posterior part of the corpus callosum represented. 
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which arise as axis-cylinder processes of the large pyramidal cells of the hippo- 
campus (especially those near the fimbria) and from the polymorphous cells, 
which form the nucleus fasciae dentatae. “Collaterals” derived from the same 
sources also pass into the fimbria to become ‘“‘commissural” fibres. All these 
fibres converge towards the thickened lamina terminalis, which is the homo- 
logue of the septum lucidum of higher mammals. In order to reach this point, 
above the foramen of Monro, the fibres coming from the anterior extremity of 
the hippocampus are directed backwards and inwards, and those coming from 
the posterior part of the hippocampus are directed forwards and inwards with 
varying degrees of obliquity. Since the greater part of the entire hippocampal 
formation is placed behind the foramen of Monro, including the whole of the 
descending horn, which alone is present in Eutheria, there is, consequently, a 
large mass of fibres coursing forwards and increasing as it goes, from fresh 
accessions of alveus fibres. This mass of fibres becomes collected to form a 
distinct ridge which constitutes the fimbria, which is mainly derived from the 
descending horn. The fimbria, therefore, will vary in size with the length and 
degree of development of the hippocampus behind the foramen of Monro, more 
especially with the size and extent of the descending limb of the hippocampus. 
In Platypus, and to a less marked degree in Echidna, the descending part of 
the hippocampus is short, and in neither is the layer of alveus fibres thick in 
this region. As a consequence neither monotreme has a well-formed fimbria. 
In all marsupials, however, there is an extensive part of the hippocampus 
lying posterior to the foramen of Monro and a well-developed descending limb, 
so that the cut fimbria projects as a prominent spur in transverse section. 
Since the hippocampus extends forwards beyond the foramen of Monro, no 
part of the fimbria ever becomes free from the hippocampus to form posterior 
pillars or body of the fornix as in placental mammals. The fimbria, or its re- 
presentative, lies in the whole of its extent along the margin of the cortex, 
where that is formed by the fascia dentata. The latter structure in Platypus 
throughout forms the upper border of the choroid fissure, but in Perameles and 
others, where the ventricle turns downwards, and the descending cornu thus 
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ac. anterior commissure; af. anterior pillar of fornix; alv. alveus; c. “collateral” of an alveus 
fibre, ending in the stratum radiatum; cc. corpus callosum; d. molecular layer of the fascia dentata; 
df. descending alveus fibres (to form the anterior pillar of fornix and the precommissural fibres); 
ext. olf. external olfactory root; f. fibres of alveus, represented schematically; FD. Fascia dentata; 
ji. fimbria; g. pyramidal cells of the hippocampus; hf. hippocampal fissure; hip. hippocampus; 
int. caps. internal capsule lying in the corpus striatum; /. bundle of collaterals (so-called superficial 
medullary lamina) derived from the pyramidal cells of the hippocampus, also transverse sections 
of bundles of longitudinally running fibres; M. foramen of Monro; p. Purkinje-like cell of the fascia 
dentata; ps.1 dorsal limb of the hippocampal commissure; ps.? ventral limb of the hippocampal 
commissure (the psalterium of placental mammals); pyr. pyramidal cell of the subiculum cornu 
Ammonis; rf. rhinal fissure; s. precommissural fibres of the fornix-system; sept. “‘septum pellu- 
cidum”; s.hip. subiculum cornu Ammonis; spl. splenium corporis callosi; spl.1 “splenium of the 
hippocampal commissure”’. 


532 G. Elliot Smith 


formed bends forwards, the fascia dentata and fimbria come, of course, to 
occupy a position at the lower margin of the choroid fissure in its descending 
limb, and the fimbria lies above the fascia dentata in this region. The destina- 
tion of the alveus fibres, after they have arrived at the region of the foramen 
of Monro, varies. 

(a) The great majority of the fibres cross the middle line to enter the hippo- 
campal region of the opposite side, so that they effect an exchange of fibres 
between the two hippocampi. In the alveus of the opposite hippocampus they 
give off numerous collaterals which enter the white matter and come into 
relationship with the pyramidal cells. These fibres constitute therefore the 
hippocampal commissure proper of Owen and Symington—the corpus callosum 
of Flower, Sander, Osborn and almost all recent writers—the hippocampal 
decussation (in Platypus) of Hill. Its origin from cells of the hippocampus 
(including the subiculum and fascia dentata) indicates without the slightest 
possibility of doubt its homology with the psalterium of Eutheria. 

(b) A large bundle of fibres dips downwards behind the anterior commissure 
to enter the optic thalamus. This is the anterior pillar of the fornia. 

(c) A third smaller and more scattered bundle arches forwards in the mesial 
wall of the hemisphere in front of the anterior commissure—the precommissural 
fibres of Huzley. 

(d) A considerable number of alveus fibres pass into other regions of the 
same hippocampus from which they arise. These may be called hippocampal 
association fibres. 

The present paper will only deal with the first of these sets of fibres—the 
hippocampal commissure—and will only refer to the others in so far as they 
are related to the commissural fibres. It may be remarked, however, in passing, 

‘ that Hill’s statement (1893) that “all such fornix as exists in Ornithorhynchus 
crosses in the middle line” and that the descending fornix fibres come from the 
hippocampal commissure is absolutely erroneous, since the great majority of 
such fibres come directly from the alveus and never cross the middle line. His 
further description of their destination and of the formation of the taenia 
thalami is equally inaccurate. 

On separating the cerebral hemispheres of any marsupial or monotreme 
from above, a large white transverse band will be noticed passing between the 
two hemispheres and hiding from view the anterior extremity of the third 
ventricle and the foramina of Monro. The question of the homology of this band 
has been the subject of much controversy. 

A full account of the earlier discussion of this question will be found in the 
paper of Flower (1865), and the more recent bibliography will be found in the 
papers of Symington (1892) and Hill (1893). Ever since Meckel’s monograph 
(1827) there have been supporters of his view that the superior commissure was 
corpus callosum. Thus Flower in Echidna and a series of marsupials (1865), 
Pappenheim in Didelphis (1847), Sander in Macropus and Didelphis (1868), 
Osborn in foetal Macropus (1887), Zuckerkandl in Platypus (1887) and Herrick 
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in Didelphis (1893), as well as in numerous papers elsewhere, have, among 
others, supported the view of Meckel that a corpus callosum is present. Haeckel 
as recently as 1893 has made use of the following terms in describing the essen- 
tial features of the marsupial and monotreme brains. Among the “ Hereditiv- 
charactere der Monotremen” he places “ die primitive reptilienahnliche Bildung 
des Gehirns, insbesondere der Mangel eines ausgebildeten Corpus Callosum”’, 
and referring to the Marsupialia, “die geringe quantitative und qualitative 
Entwickelung des Gehirns, namentlich des Corpus Callosum”. Beevor (1886), 
who, after an examination of the cerebrum of Macropus, expressed the 
opinion that the superior commissure was corpus callosum, elsewhere denies 
the presence of any hippocampal commissure in certain primates (1891). 
Apart from the evidence of the presence of such a commissure which the non- 
placental mammal affords, there is the valuable corroborative evidence of its 
presence in the placental mammal by Honegger (1890). The opinion of Owen 
that the corpus callosum is absent in the non-placentalia is supported by 
Eydoux and Laurent (1838), by Robert Garner in Platypus and several 
marsupials (1858), by Symington in the clearest and best account of the sub- 
ject which has yet appeared (1892), and Hill (1893) and Edinger in the fourth 
revised editions of his lectures (1893) says that all marsupials so far examined 
lack a corpus callosum. 

In spite of this the generally accepted opinion among recent writers (of 
which, for instance, the works of Foster and Balfour, as well as the more recent 
work of Minot on Embryology and the comparative papers of Sir William 
Turner (1890, 1892), may be quoted as examples) is that all mammals possess a 
corpus callosum. This opinion is still actively upheld by Herrick in his numerous 
papers, although in a different (but equally mistaken) sense to all other writers. 
So that to-day there is still considerable uncertainty upon this question, in 
spite of the short but clear and convincing paper of Symington (1892). 

So far no attempt has been made to explain either the arrangement of the 
fibres in this commissure or the difference in shape which it presents in different 
animals, and which so deceived Flower. This paper aims at offering an ex- 
planation of these appearances. 

If a sagittal section be made through the mesial wall of the cerebral 
hemisphere of Perameles, i.e. a short distance from the mesial plane of the 
brain, the section stained by Pal’s method presents an appearance which is 
represented in a purely schematic manner in Fig. 1. In the middle of the figure 
is seen the section of the commissure (ps.), which has given rise to so much 
discussion, and radiating from it the fibres (f.) of the alveus are schematically 
represented proceeding to all parts of the hippocampus, whose contour is 
represented by the hippocampal fissure (Af.). From the concavity of the hook 
formed by the commissure are to be seen issuing the fibres of the anterior 
pillars of the fornix (af.) and the precommissural fibres of Huxley (s.) separated 
by the anterior commissure (ac.). 

In Fig. 2 the corresponding structures in iliaainaaaion are represented 
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in a similarly schematic manner. The psalterium or superior commissure here 
presents only a slight hook at its posterior extremity corresponding to the 
rudimentary posterior descending cornu of the hippocampus. Consequently 
the commissure is not folded in bilaminar form as it is in Perameles. In Fig. 3 
the condition found in the placental mammal is diagrammatically re- 
presented. 

In Perameles the sagittal section of the commissure is thin in front, where it 
is composed of scattered bundles coming from the anterior part of the hippo- 
campus. But as it is traced back it becomes thicker and more compact from 
the crowding together of fibres from the middle portion of the hippocampus. 
Posteriorly the commissure takes a sudden bend downwards and forwards, 
and at the bend a large number of fibres are aggregated to form a structure 
which resembles the splenium corporis callosi of placental mammals, and was 
actually believed by Flower to be the splenium. Since it is produced in the 
same manner as the splenium, it may not be inappropriate to call it the 
“splenium of the hippocampal commissure”. From this splenium the ventral 
limb of the commissure extends downwards and forwards like the psalterium 
of the placental mammal, and as in the latter it is formed mainly by the fimbria. 
In the higher marsupials the angle formed at the splenium by the two layers of 
the commissure becomes more acute, and in the highest metatherians like the 
kangaroo the two layers form two parallel bands united behind at the splenium. 

After this description of the arrangement in Perameles, the appearance of the 
~ commissure met with in Platypus will be readily understood. As the descending 
horn of the ventricle is rudimentary there is a very small descending limb of 
the hippocampus. There is consequently no ventral layer of the commissure, 
but only a slight hook-like “‘splenium” at the posterior extremity of the com- 
missure. In the Eutheria (Fig. 3) where that portion of the hippocampus lying 
above the velum interpositum does not develop, there is consequently no dorsal 
layer of the hippocampal commissure; but, corresponding to the ventral part 
of the hippocampus, which alone persists, the ventral layer of the hippocampal 
commissure forms the psalterium, as we usually understand that term—the 
place of the dorsal layer of the commissure being occupied by the corpus callosum. 
The corpus callosum of higher mammals is continuous with the psalterium at 
the callosal splenium, and the exact point of union of the two is not usually 
evident. Although in the highest mammals the splenium is formed wholly of 
callosal fibres, yet in some of the lowlier Eutheria, e.g. Mole (Ganser, 1882) 
it is formed of psalterial fibres, and is not therefore strictly a splenium corporis 
callosi, but corresponds rather with the “splenium” of the marsupial com- 
missure. Ganser, from such considerations, and recently Paul Martin (1894) 
from a study of the development of the corpus callosum in the cat, have come 
to the conclusion that the separation of the psalterium from the corpus cal- 
losum is purely artificial and serves no useful purpose, since both commissures 
connect parts of the cortex cerebri. These writers therefore include both struc- 
tures under the term corpus callosum, and divide it into dorsal and ventral 
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layers. But, as I have already pointed out, the superior commissure of Proto- 
and Metatheria is formed solely of fibres derived from cells lying in the hippo- 
campal region. This in Eutheria is the only distinguishing feature of the 
psalterium, that it is formed of fibres whose “ Ursprungzellen” lie in the hippo- 
campus, as distinct from callosal fibres, which consist solely of axis cylinders 
and collaterals of cells lying in the mantle proper. The whole superior com- 
missure of the non-placental mammal is strictly homologous then with the 
ventral layer of the great cerebral commissure of the placental mammal, while 
the dorsal layer of the latter is a pallial commissure superadded to the ventral, 
and superseding the dorsal, layer of the hippocampal commissure present in 
the marsupials and monotremes. If then it be permissible to consider the 
ventral layer of the eutherian commissure as truly corpus callosum, we must, 
of course, admit that the Proto- and Metatheria have a corresponding structure, 
constituting, however, a corpus callosum, none of whose fibres arise in the 
mantle proper and which is, therefore, not strictly comparable to the great 
white band seen on divaricating the hemispheres of a higher mammal. This 
relationship of the superior limb of the hippocampal commissure in the Meta- 
theria was not appreciated by Flower, who, from the resemblance of the whole 
commissure in sagittal section to the combined corpus callosum and psalterium 
of Eutheria, regarded the dorsal layer of the marsupial hippocampal com- 
missure as a true corpus callosum. 

In the descriptions given above, I have described the appearance seen on 
section through the mesial wall rather than through the middle line, because 
in the latter plane the fibres have beeome collected into a more compact mass, 
and the simplicity of the arrangement is correspondingly obscured. It may be 
pointed out in this connexion that the marked difference in the appearance 
presented on mesial section of, for example, such brains as those of Echidna 
and Macropus, are more apparent than real. 

The mass of grey matter, which is situated on the ventral aspect of the 
hippocampal commissure in Ornithorhynchus and which fills up the concavity 
of the hook formed by the commissure in Perameles, is the homologue of the 
septum lucidum of Placentalia, being formed, like the latter, from the thickened 
lamina terminalis. The septum lucidum, therefore, in marsupials (Fig. 1) fills 
up the concavity of the “psalterial” hook, lying ventral to the dorsal limb or 
cornu of the hippocampal commissure, which alone is present in Platypus 
(Fig. 2), dorsal to the ventral limb or cornu, which alone is present in Eutheria, 
while, as already stated, it lies in the marsupial between the ventral and dorsal 
limbs of the commissures, which are both present. The septum lucidum, there- 
fore, presents the same topographical relation to the corpus callosum of 
placental mammals as it does to the dorsal limb of the hippocampal com- 
missure of non-placental mammals, so that Flower’s (1865) main argument for 
the existence of a corpus callosum—that it lies dorsal to the septum lucidum— 
loses all its cogency. 

In this connexion it is important to emphasize the fact that the “septum” 
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lies entirely upon the ventral aspect of the hippocampal formation in Platypus 
and ventral to its anterior part in marsupials. It lies, therefore, entirely ventral 
to the Randbogen, below which it is carried backwards with the superior com- 
missure as the latter develops. Now the corpus callosum occupies the same 
position in relation to the septum pellucidum as the dorsal limb of the hippo- 
campal commissure does in marsupials, and develops in the lamina terminalis 
just as the corpus callosum does (Marchand, Paul Martin, Minot). Moreover, 
the latter is continuous posteriorly with the psalterium. The corpus callosum 
from comparative reasons, therefore, as well as from the purely ontogenetic 
evidence in human brain by Marchand (1891), and Paul Martin in the cat 
(1894), lies entirely ventral to the Randbogen. Hill’s statement (1893) that 
“the corpus callosum in its backward extension breaks through a convolution, 
which lies outside the ring from which the fascia dentata, fimbria and fornix 
are developed”, as well as the opinion of Fish (1893) “that in its dorso- 
caudal growth the callosum ploughs its way...through the arcuate gyre” 
are as equally opposed to the facts of comparative anatomy as they are 
quite unsupported by the brilliant results of Marchand’s developmental 
researches. 

Before a corpus callosum (using the term in the restricted sense in which 
anatomists generally regard it, i.e. as distinct from the psalterium) can de- 
velop, either the hippocampus must disappear in the region in which the supra- 
ventricular callosal mantle commissure is to develop, or the callosal fibres must 
traverse the hippocampal region. Of these alternatives the former is that which 
is found to take place. Accordingly in the ontogeny of the cerebrum of the 
placental mammal the anterior portion of the fissura arcuata (the “ vordere 
Bogenfurche” of His), and consequently the hippocampal projection into the 
anterior horn and body of the lateral ventricle, disappears preparatory to the 
development of the corpus callosum, the “hintere Bogenfurche” alone per- 
sisting to become the hippocampal fissure, which forms a projection limited 
to the descending horn of the ventricle. This is quite in accordance with the 
belief of Prof. D. J. Cunningham, who, as the result of his study of the develop- 
ment of the human cerebrum says (1892 a): “I believe that it [vordere Bogen- 
furche].is transitory and that it is gradually obliterated during the time that 
the corpus callosum assumes shape.” In Proto- and Metatheria the anterior 
commissure is the cerebral commissure par excellence, being the sole connexion 
between all parts of the hemispheres, excluding the hippocampi only. It is of 
interest to note in this connexion that the anterior commissure persists in 
Eutheria in just that part of the mantle related to the descending horn of the 
ventricle in which the hippocampus remains, while in the region from which 
the hippocampus has disappeared the anterior commissure is supplanted by 
the fibres of the proper corpus callosum. In the temporal lobe of Placentalia 
the alveus fibres (the root fibres of the hippocampal commissure) present the 
same relationship to the terminal fibres of the anterior commissure as they do 
to the same commissure in the whole range of the extensive hippocampal 
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region of non-Placentalia. And, as the hippocampal region in the latter is co- 
extensive with the lateral ventricle, so the anterior commissure is co-extensive 
with the lateral ventricle, i.e. supplies, in these forms, the whole of the cortex, 
excluding the hippocampus only. 

The important question, ‘‘ What is the significance of the corpus callosum?” 
must now be considered. Is it a new commissure to connect cortical areas 
hitherto unconnected or not present in lower mammals; or, on the other hand, 
is it merely a new path for fibres which possess representatives in the brains of 
the Meta- and Prototheria? From a consideration of the facts before us, it 
seems possible that the corpus callosum appears in response to the demand for 
a shorter connecting route between the rapidly developing dorsal portions of 
the cortex cerebri. That such factors are at work, the marsupials themselves 
seem to afford evidence. In Perameles the anterior commissure passes around 
the corpus striatum as an external capsule to reach the various regions of the 
mantle. In Phalangista, a bundle of anterior commissure fibres proceeds to the 
cortex via the internal capsule, in addition to the external capsule. In Macro- 
pus, in order, apparently, to meet the demands of the greatly increased mantle, 
almost half of the anterior commissure fibres pass through the internal capsule 
to reach the dorsal] part of the mantle. It seems as if this principle became ex- 
tended in the placental mammal, and to provide for the enormous mantle de- 
velopment of the higher Mammalia, a shorter supraventricular route was 
established in place of the circuitous path, which the fibres of the anterior com- 
missure would otherwise have had to take to reach such a region, for instance, 
as the callosal convolution in man. 

Although from these considerations it seems as if the callosal fibres were 
serially homologous with the fibres of the anterior commissure, i.e. fibres 
separated from the anterior commissure to meet the exigencies of a huge 
mantle development, it must not be forgotten that the parts of the cerebrum 
which the corpus callosum connects, only develop late in the phylogenetic and 
ontogenetic history of the individual. Thus Sir Wm. Turner (1890) states that 
the relative proportion of mantle to rhinencephalon decreases as we descend 
the mammalian series, until in the lowest mammals the pallium is almost as 
small as the rhinencephalon. In Perameles this reduction of pallium goes still 
further, as, instead of being as large as the rhinencephalon, the pallium forms 
merely a small cap placed upon the rhinencephalon. In the Eutheria a con- 
siderable portion of the mantle, viz. the temporal lobe, is connected by the 
anterior commissure. If, then, from the small cap of mantle found in Perameles 
we subtract the portion corresponding to the temporal mantle of higher forms, 
there will be little, if any, mantle left to be connected by a corpus callosum. 
In such higher metatherians as the wallaby the demand for a corpus callosum 
becomes greater, and is met to some extent by added fibres of the anterior 
commissure passing through the internal capsule. If in such a highly developed 
brain as that of the wallaby, where the demand for a true corpus callosum is 
evident, such a structure is wanting, it seems a priori highly improbable that 
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in the Sauropsida and Amphibia such a commissure should exist, as so many 
writers assert. 

Although a priori statements are of little value as scientific argument, still 
with such presumptive evidence of the absence of a corpus callosum in Sub- 
mammalia, one is naturally chary of accepting any opinion as to its presence, 
unless supported by definite and convincing evidence. Such evidence moreover 
is not yet forthcoming, and the arguments which have hitherto been adduced 
in support of the hypothesis, are of the flimsiest kind. Herrick states “the 
callosum is practically absent [in Didelphys]...a rudiment of what may be 
called corpus callosum [is present], although we are unwilling to definitely 
homologise it with that body. . .it soon loses itself in the median walls of the 
hemisphere, corresponding to the septum pellucidum. Being a tract of cortex, 
this band has as great claim to be homologised with the corpus callosum as the 
relatively larger commissure of the alligator.” The area which Herrick here 
calls “‘septum pellucidum” and elsewhere “intraventricular lobe” is an area 
of the mesial surface of the cortex, which is directly continuous posteriorly 
with the tract which has already been described as the septum lucidum and 
which develops from the lamina terminalis. The corresponding grey mass in 
Reptiles has been called “septum pellucidum” and “Fornix leiste” by Edinger 
(1893) and Meyer (1892), although the latter would not definitely homologise 
it with the “septum” of Eutheria. Flower (1865) called it “septal area”. All 
these terms are very misleading, because the area in question is not homo- 
logous with the septum lucidum, which is merely the thickened lamina terminalis 

(Minot, 1892). This tract, moreover, develops from the “posterior olfactory 
lobule” of His, and can be readily traced in the mammalian series as the gyrus 
subcallosus of Zuckerkandl (1887) or the “‘ peduncle of the corpus callosum’’. 
Neither of these terms is applicable to the nonplacental mammal since there is 
no corpus callosum. The area in question may be distinguished as “‘the pre- 
‘commissural area”’, a purely descriptive term equally applicable to all verte- — 
brates possessing a cortex. The ‘“‘precommissural area” from its connexions 
and ontogeny is part of the rhinencephalon. Now the only two commissures 
which are known to have any connexion with the rhinencephalon are the an- 
terior and hippocampal commissures—the corpus callosum never. To dis- 
tinguish some fibres of the hippocampal commissure by the name of “corpus 
callosum”’—as Herrick does—simply because they go to the precommissural 
area is therefore entirely unwarranted, and opposed to all the accepted criteria 
of a corpus callosum. Since the corpus callosum of certain reptiles is confined 
to the homologous area, it is only natural to conclude that a corpus callosum 
is absent in them as it is in Didelphys. 

Moreover, Osborn (1887) in Amphibia speaks of a bundle of fibres as “a 
commissure of the dorsal portion of the mantle and homologous, on this 
ground, with the corpus callosum’, quite oblivious of the fact that, by his own 
showing, the dorsal commissure in marsupials is anterior commissure. Besides, 
Edinger (1893) shows that the mesial and dorsal portions of the cortex of 
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reptiles is homologous with the Ammon’s horn, and therefore its connecting 
fibres must be hippocampal commissure. When it is upon such flimsy and un- 
scientific evidence that many writers base their belief in the presence of a 
corpus callosum in Submammailia, one is fully justified in doubting their con- 
clusions, especially when there is so much discordance as to what actually is 
the corpus callosum. Thus many writers (e.g. Osborn, Gage, etc.) describe as 
corpus callosum a structure which is undoubtedly hippocampal commissure. 
Evidence is accumulating, which will go far to prove that the corpus callosum 
of most writers on Submammalia, is nothing else than a hippocampal com- 
missure—a view, which a comparison with the arrangement of the com- 
missures in Platypus would lead one to expect. The great source of confusion 
to investigators not only upon the marsupial but also upon the sauropsidan 
cerebrum, in attempting to compare the latter with the placental mammal, is 
the altered position of the hippocampal commissure—firstly, by the bending 
of the hemisphere accompanied by a corresponding bend in the commissure, 
and secondly, the disappearance of just that part of the hippocampus and its 
commissure, which clearly maintains its true morphological position as the 
upper margin of the choroidal fissure, dorsal to the septum pellucidum. In the 
Platypus we have the key to unlock the whole question. 

The following summary presents a hypothetical explanation of the pre- 
sence and order of appearance of the three commissural bands met with in the 
region under consideration. 

In the lowest stage of cerebral development the anterior commissure is the 
great commissural system of the cerebrum. Included in the anterior com- 
missure are numerous strands of varied significance, which may in lowly forms 
be quite distinct from one another as they lie in the lamina terminalis (e.g. in 
Teleostei, where this anterior commissure system is known as the “commissura 
interlobularis” (Géttsche). Early in development the upper border of the 
choroidal fissure becomes differentiated as a hippocampus, which, before the 
ventricle becomes bent, lies entirely dorsal to the fissure, as in Platypus and the 
Sauropsida. This is the portion of the cortex furthest removed from the situa- 
tion of the anterior commissure, and hence this—the hippocampus—is the 
region which first demands a shorter route for its connecting fibres. Hence the 
hippocampal commissure appears as the second distinct commissural band, 
and we have the monotreme and marsupial condition. 

In the ontogeny of the eutherian brain this order of development of the com- 
missures is also observed, the anterior commissure being the first to appear, and 
later the combined calloso-hippocampal commissure. Of the latter commissure, 
the commissural fibres of the fornix are the first to develop (Martin, 1894), so 
that in the early eutherian brain there is a stage which closely resembles the 
adult condition in Metatheria with “‘anterior” and hippocampal commissures 
and a complete absence of corpus callosum proper. Combined with this ab- 
sence of the corpus callosum there is a persistence of the Bogenfurche, which 
completes the picture of the marsupial brain, constituting a veritable “‘meta- 
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therian stage” in the development of the eutherian brain. These interesting 
facts in the development of the higher mammalian brain, which the recent 
work of Marchand and Martin have elucidated, fully bear out the statement of 
the late Sir Richard Owen that the hippocampal commissure in the marsupials 
‘represents the first stage of the corpus callosum as it appears in the develop- 
ment of the placental mammal”’—a statement which has been repeatedly mis- 
understood by Owen’s critics. The work of Owen, which was performed almost 
fifty years ago with the crude methods of investigation of that time, will stand 
the test of the latest methods of investigation which the last few years have 
yielded. In the light of our advanced knowledge of to-day, with all the delicate 
and selective staining agents and improved methods of research, the results of 
his labours on the brain of the non-placental mammal stand out as a lasting 
memorial to his close observation and insight. The opposition which has been 
brought to bear against his investigations by so many prominent biologists, 
some of whom, from a less clear comprehension of the subject, attempt to 
depreciate the value and question the accuracy of his work, can have no other 
result than to expose their own ignorance. Even as late as last year, an English 
writer well known in neurological literature, in a disparaging attempt to find 
fault with Owen’s work on Platypus, simply laid himself open to the accusa- 
tions with which he ineffectually attempted to stamp the work of the great 
savant. The result of the present research on the cerebrum of a large series of 
monotremes and marsupials, with the methods of Golgi and Weigert, is to 
completely vindicate Owen from the charges of inaccuracy which have been 
ignorantly levelled against him. I am well aware that the writer of the paper 
in question had very bad material with which to work, but that is all the more 
reason why he should have been more cautious in his attack upon others’ work. 
The hypercritical tone of the paper in question reaches its acme in the following 
passages: ““On what ground, too, does Owen maintain, that the essential 
function of the fornix as a commissure. . .is maintained, when, as will be shown 
presently, all such fornix as exists in Ornithorhynchus decussates in the middle 
line, is not united with the olfactory bulb and may be, for all one can tell to the 
contrary, not a longitudinal commissure at all, but a series of tracts uniting to- 
gether corresponding parts of the two sides?...He saw the difficulty, but not the 
way out of it.”} 

The closing phrase in this quotation accurately describes the position of its 
writer, who, by ignoring the close and intimate connexion of the hippocampus 
with the olfactory lobe (the internal root, the Riechbundel of Zuckerkandl, and 
“the olfactory bundle of the fascia dentata” of the present writer), and having 
elsewhere stated that the external olfactory root cannot be traced to the hippo- 
campus, completely excludes the hippocampus from any connexion with the 
olfactory region, in spite of the fact that he correctly located the fascia dentata 
as the olfactory centre. But for the statement of Owen that the “association” 
between the olfactory and hippocampus is maintained to a greater extent (as 


1 The italics are mine. 


e 

I 

a 

a 

r 

n 

Ww 

P 
ve 

fil 

th 
al 

ca 

Ww 

co 
M 

co 
an 
su 
de 
fac 

me 

_wh 
Bh 

ine 

hiy 

ret 

spl 

bet 
the 
the 
call 
apy 
of t 
hipy 


Cerebral Commissures of the Mammalia 541 


compared with the commissural connexion) than in higher animals, his state- 
ments may be taken as strictly accurate, a very close and intimate association 
existing between the anterior extremity of the hippocampus and the olfactory 
lobe, by means of fibres passing through the precommissural area, and which 
are probably homologous with some of the “‘ precommissural fibres of Huxley” 
and the strie Lancisii of the eutherian cerebrum. The latter homology is 
rendered all the more probable by the statements of Blumenau (1891) that the 
striz Lancisii, which are continued posteriorly into the fascia dentata, are con- 
nected anteriorly with the olfactory lobe, in much the same way as I have else- 
where shown my “olfactory bundle of the fascia dentata” to be connected in 
Platypus. 

After the appearance of the hippocampal commissure the increased de- 
velopment of the mantle next demands a shorter course for its connecting 
fibres, which is provided by the corpus callosum. If these conjectures are right, 
the three cerebral commissures must be regarded as serially homologous, the 
anterior commissure, or at least its pars olfactoria,! appearing first, the hippo- 
campal commissure next, and the corpus callosum last. That some of the fibres, 
which in Placentalia pass in the latter, cross the middle line with the anterior 
‘commissure in non-Placentalia seems certain, so that part of the anterior 
commissure is really the homologue of the corpus callosum in the Proto- and 
Metatheria, the hippocampal commissure being merely a part of the anterior 
commissure, which has become separated off earlier in phylogeny. The appear- 
ance of a corpus callosum can hardly be considered then, therefore, such a 
sudden event as would appear at first sight and such as Prof. Huxley’s remark 
(supra) seems to imply, but is merely an example of the adaptive element in 
development, which recent research has recognized as the important modifying 
factor of phylogenetic tendencies in ontogeny. 

What becomes of the anterior extremity of the hippocampus in the placental 
mammal? Comparison with the non-placental mammal supports the view, 
_ which is forced upon one by the important researches of Marchand (1891) and 
Blumenau (1891), that the gyrus supracallosus of Zuckerkandl (1887) (the 
indusium or striw Lancisii) is the representative of the anterior part of the 
hippocampus. 

In man and microsmatic mammals the temporal part of the hippocampus 
retains its primitive contour, the fascia dentata ending just behind the 
splenium of the corpus callosum. Hill (1893), not recognising the association 
between the disappearance of part of the hippocampus and the appearance of 
the corpus callosum, attributes this fact to “accident”. But what happens in 
the macrosmatic mammal? For, in order to prepare for the advent of a corpus 
callosum, the whole of the upper and anterior part of the hippocampus has dis- 
appeared, and only the small temporal segment is left to carry on the functions 
of the whole. To compensate for this restriction, the hippocampus, as it grows, 


1 The “pallial” part of the anterior commissure probably does not appear until after the 
hippocampal commissure. 
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becomes bent upon itself in an S-shaped manner (Fig. 6) and becomes ac- 
commodated under the corpus callosum, in which situation it may extend for- 
wards almost as far as the foramen of Monro. This bending can be readily seen 
in the brain of the rabbit or foetal pig. Hill, in discussing the question “‘ whether 
the fascia dentata is continuous with the nervus Lancisii?’’ comes to the con- 
clusion that there is no continuity between the two structures, and that the 
fascia dentata is essentially a swbcallosal structure. His principal argument is 
that in the ox “he fails to see any indication of the return of the fascia dentata 
to the undersurface of the splenium in order that it may round the splenium 
and sweep forward in the nervus Lancisii in the manner required by the 
theory” [of Honegger (1890) and Zuckerkandl (1887)]. This view, that the 
fascia dentata is essentially subcallosal, is not only directly opposed to the facts 
of its development as described and figured by Mihalkovics, Blumenau and 
Marchand, but also to the facts elicited by a comparison with the marsupial. 
The corpus callosum occupies the same relative position to the Randbogen that 
the superior limb of the hippocampal commissure does in Metatheria, and 
hence the fascia dentata is essentially supracallosal. 

If the suggestions concerning the striz Lancisii advanced in this paper 
are correct—and the whole weight of comparative and developmental facts, 
as well as the histological structure as described by Ramon y Cajal, seems to 
favour the view—then the cleft between the mesial stria and the callosal gyrus 
would be the anterior extremity of the Bogenfurche. So that for practical 
purposes the opinion of Schwalbe (which is essentially identical with those of 
Hertwig, Schmidt and Mihalkovics) that “the Bogenfurche in its upper part 
becomes the upper boundary of the corpus callosum” is for all practical pur- 
poses correct. Strictly speaking, however, the callosal fissure must be regarded _ 
as a new formation, because with the degenerate condition of the hippocampus 
is associated the practical absence of the “‘ Ammonsfurche”’, the callosal fissure 
being formed by the growth of the cortex above the corpus callosum, causing 
it to bulge over the latter. So that Prof. Cunningham’s statement (1892 b) must 
be regarded as strictly correct “that the Bogenfurche is transitory and is 
gradually obliterated during the time the corpus callosum assumes shape”. 

The facts brought forward in this paper afford a perfectly rational explana- 
tion of the circuitous course taken by the fornix fibres in the higher mammalia, 
without resorting to any such theory of the rotation of the brain as that ad- 
vanced by Hill (1885)—a pure speculation utterly opposed to all the facts of 
development. From an examination of the brain of a higher mammal, there is 
no apparent reason why the hippocampi should not be connected like the rest 
of the temporal lobe by the anterior commissure fibres. But just as by a com- 
parison with the condition met with in the Prototheria, the reason for this is 
apparent, so also is the meaning for the course of the anterior pillars of the 
fornix above the foramen of Monro to reach the optic thalamus self-evident. 
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A Manual of Practical Anatomy. Part 11, The Head and Neck. By THOMAS 
Wa.ms.ey. New edition. (London: Longmans, Green and Co.) 1936. 
Pp. vi+357, 184 figs. and 3 plates. Price 12s. 6d. net. 


The necessity for a new edition of this volume, first published in 1922, bears 
testimony to its popularity as an eminently concise, practical and reliable guide to 
the dissection of the head and neck. The Introduction familiarizes the student with 
the scope of the field before him and with the order of practical procedure. The style 
is clear and succinct; stress is laid throughout upon matters certain or likely to 
have clinical significance; the illustrations include radiographs and bespeak a 
judicious care in their selection and mode of execution. 


Cunningham’s Text Book of Anatomy. Edited by J. C. Brasu and E. B. 
JAMIESON. 7th edition. (Oxford University Press.) 1937. Pp. xxvi+ 1506, 
1171 text-figs and 76 plates. Price 42s. net. 


The seventh edition of this familiar anatomical textbook bears the unmistakable 
imprint of an extensive and successful revision of content in a laudable attempt at 
modernization on the part of co-authors and editors alike. By considerable re-writing 
of the text, by the inclusion of new informative figures, by the employment of many 
excellent radiographs and photographs, and by attention to the functional aspects 
of anatomy they have attained their desired goal, and thus have merited the com- 
mendation we unhesitatingly bestow herewith. Editors, authors, artists and pub- 
lishers have happily collaborated in the production of a treatise worthily satisfying 
the standards imposed by requirements of modern anatomical teaching and appli- 
cation. 


A Textbook of Neuroanatomy. 2nd edition. By ALBert Kuntz, Ph.D., M.D. 
(London: Bailliére, Tindall and Cox.) 1936. Pp. 520, with 307 illus- 
trations. Cloth 9x6. Price 27s. net. 


In this new edition of Prof. Kuntz’ textbook, the text has been revised and some- 
what extended. The book is comprehensive, lavishly illustrated, and adequately 
documented with a brief bibliography at the end of each chapter. In spite of the 
author’s expressed desire to avoid unnecessary minutiae, and to discuss anatomical 
structure in the light of physiological relationships, we think this book—from the 
point of view of the student—is rather too much of a catalogue of anatomical facts 
to be acceptable as a routine textbook in this country. It does not display a sufficient 
individuality of style or treatment to take the place of the systematic descriptions 
of the central nervous system found in the commonly used textbooks of human 
anatomy, even though it approaches the subject from the wider field of comparative 
anatomy. Many of the diagrams will be extremely helpful to the student. Others— 
such as those taken from papers by Huber and Crosby (e.g. Fig. 215)—are socom- 
plicated as to be difficult to unravel. We strongly recommend that the latter be 
considerably simplified in future editions. 
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Das Hormon des Corpus Luteum (Biologie, Chemie und Klinik). Dr Ertcu FEts. 
(Leipzig und Wien. Franz Deutiche.) 1937, pp. viii + 169, 40 figs. 
No price stated. 


Dr Erich Fels, of the Institute of Maternity, Buenos Aires (recently of Breslau), 
is one of the foremost investigators of the functions and secretions of the corpus 
luteum. In his recent monograph he provides a full account of the development 
of present knowledge of this interesting endocrine organ. 

Anatomists were primarily responsible for the recognition of the corpus luteum as 
an organ of internal secretion, and for the realization that its influence is mainly 
exerted in the preparation of the uterus for implantation and for certain morpho- 
logical changes associated with pregnancy. These views were independently formu- 
lated towards the close of the last century by Prénant, who based them primarily 
upon Sobotta’s histological descriptions, and by Born, the anatomist of Breslau, 
who was struck by the resemblance of the histological structure of the corpus luteum 
to the adrenal and other then presumed organs of internal secretion. It so happened 
that Ludwig Fraenkel was a pupil of Born, and it is to him that our first definite 
knowledge of the corpus luteum is due. Fraenkel and his collaborators in the early 
years of the present century showed plainly that progestational changes are depend- 
ent on the corpus luteum, and that neither implantation nor pregnancy in its 
earlier stages is possible in the rabbit after removal of corpora lutea. Dr Fels’s 
book is appropriately dedicated to Fraenkel under whom he studied before his 
recent translation to Buenos Aires. 

The monograph begins with a detailed account of the bio-assay of the luteal 
hormone, which in the form of unspecified extract of corpora lutea goes by the 
name of “progestin” and which in its pure crystalline form of known chemical 
structure is called “progesterone”. The bio-assay has as its basis the production 
of progestational changes in the rabbit uterus. Among other biological properties 
of the luteal hormone are (a) the maintenance of pregnancy, a function which 
varies in importance in difference species, (b) the sensitization of the endometrium 
so that excessive growth takes place at points where it is experimentally irritated 
—leading to the production of so-called ‘‘deciduomata”’, and (c) the desensitization 
of the uterine muscle to stimulation by the oxytocic principle of the posterior lobe 
of the pituitary. These and other functions are considered by Fels before he passes 
on to the consideration of the important issues of the interaction of the luteal hor- 
mone with oestrogenic hormones and with the gonadotropic hormones of the pit- 
uitary. The monograph closes with a full account of the chemical isolation and 
the “synthesis” of progesterone from other sterol substances, and with a lengthy 
chapter on the clinical applications of the hormone. 

The illustrations are adequate for their particular purpose, and ample author 
and subject indices are provided. The references, which appear to cover the entire 
field up to and partly including 1936, are given as footnotes and not in the more 
convenient form of a list at the end of the book. 


The Digestive Tract: A Radiological Study of its Anatomy, Physiology and 
Pathology. By A. E. Barciay, O.B.E., M.A., M.D., D.M.R. and E. 
2nd edition. (Cambridge University Press.) 1936. Pp. xxxvi+427, 
296 figs. Price 36s. net. 


A second edition of Dr Barclay’s well-known work will be welcomed alike by 
radiologists and anatomists. In this two new chapters have been added to deal with 
such technical aspects of the subject as the legal ownership of X-ray’ films and the 
photographic method of estimating exposure to X-rays. 
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While anatomists will be the first to acknowledge their debt to the author for 
his persistence in demonstrating how far the living digestive tube with its rapid 
variations in shape and position differs from dead fixed material of the cadaver, 
they will, we think, wish to tell Dr Barclay that he is now knocking at a door which. 
is increasingly an open one in most schools of anatomy. 

As would perhaps be expected of such an enthusiastic specialist, he is too anxious 
to decry the value of stereotyped topographical teaching. To write that ‘the living 
anatomy” that the surgeon exposes on opening an abdomen “‘is as foreign to the 
descriptive anatomy of the dissecting room as is the flexibility of the Chinese ideo- 
graphy to the set rectitude of the Roman alphabet” is at least a considerable over- 
statement of fact. 

The book remains a mine of accurate information most concisely and clearly 
expressed: the new edition, it need hardly be added, is as finely produced as was its 
predecessor, with a wealth of admirable photographs. 


Bones: A Study of the Development and Structure of the Vertebrate Skeleton. 
By P. D. F. Murray. (Cambridge University Press.) 1936. Pp. x+203, 
45 figs. Price 8s. 6d. net. ' 


Until quite recently, most anatomists have been accustomed, in their teaching, 
to stress the mechanical factors in bone growth. Not only external features such as 
tubercles and ridges, but also the internal architecture of bone were believed to develop 
in direct response to mechanical stresses and strains. The study of developing limb 
bones isolated in culture media has now shifted the emphasis from mechanical factors 
to intrinsic growth factors, In his book on Bones, Dr Murray gives an account of some 
of the more important tissue culture experiments carried out at the Strangeways 
Laboratory and elsewhere, and discusses their significance in relation to current 
theories of bone growth. This discussion provides a very useful critical review of the 
present position of these important problems. We should have been glad to see further 
chapters dealing with the biochemical factors involved, and with the cytological 
details of ossification, and also some detailed references to the process of ‘‘ remodelling” 
which is such a fundamental element in the growth of bone, a process which, as has 
lately been shown, may have a genetic basis. No doubt such additions would have 
increased the size of the book quite appreciably, but we feel this would not have been 
a disadvantage. As it is, however, the book provides a rich supply of extremely 
important information, and it should. be closely studied by all those anatomists who 
are not thoroughly conversant with the subject. We congratulate Dr Murray on his 
interesting treatment of a very interesting problem of anatomy. 
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